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Shape Deposition Manufacturing (SDM) is one of several layered manufacturing (LM) 
methods highlighted in this issue. It is a process that incrementally builds up com- 
plex parts by systematically combining material additive processes with material re- 
moval processes. The advantages of each type of process are thus combined such that 
novel structures can be fabricated with SDM that could not be practically fabricated 
with either material additive or material removal processes alone. 
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About the cover 


This figure shows four parts produced at Rutgers University by one particular method of layered 
manufacturing known as Fused Deposition. From top to bottom the parts are: (1) a fluidic control 
device, (2) a turbine blade, (3) a nozzle shape for a rocket engine, and (4) a thin gear. (1) - (3) 
are made of silicon nitride, while (4) is made of stainless steel 
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Foreword 


Dr. George Spanos, Guest Editor, Materials Science 
and Technology Division, Naval Research Laboratory 

Dr. Steve Fishman, Guest Editor, Materials Science 
and Technology Division, Office of Naval Research 

Dr. Ralph Wachter, Guest Editor, Manufacturing Tech- 
nology Division, Office of Naval Research 


A challenge in manufacturing is to invent new pro- 
cesses for the rapid production of complex functional and 
structural components. One very promising class of manu- 
facturing processes, descriptively called Layered Manufac- 
turing (LM), has been made possible through recent advances 
in several fields of science and technology including materi- 
als science, mechanical engineering, and information tech- 
nology. LM offers unique capabilities, important for agile 
manufacturing and logistics, to create rapidly on-demand 
manufactured components of complex design 

he essential characteristic of a LM process Is its suc- 
cessive building up of a part layer-by-layer by precise com- 
puter-controlled deposition of materials. This process is 
roughly analogous to stacking masonry bricks to form dif- 
ferent brick wall designs. Since LM is a material additive 
process, it differs from traditional manufacturing approaches 
of machining, which involve removal of material. LM pro- 
cesses also differ from traditional laminate composite manu- 
facturing where, for instance, layers of composite tape are 
shaped and bonded together 

The Office of Naval Research in cooperation with the 
Defense Advanced Research Projects Agency and the Na- 
tional Science Foundation has been advancing the science 
and technology for LM. Through joint efforts, the range of 
materials has been expanded considerably from, e.g., plas- 
tics, to metals and ceramics, and towards functionally graded 
materials. Methods for selective precise deposition of mate- 
rials in LM are now quite varied and include, e.g., high in- 
tensity light sources, hot extrusion, and metal droplet 
deposition; a few hybrid approaches are even combining LM 
with machining and cutting. These processes have moti- 
vated new materials science research into solidification, 
bonding between layers, and evolution of microstructure and 
residual stress in LM components. 

This issue of Naval Research Reviews provides an 
overview of the science, technology and applications of LM. 
Our first article, by Mr. Patrick Bergan of the Naval Under- 
sea Warfare Center, highlights Naval applications of LM and, 
in particular, their use of selective laser sintering technology 
from DTM Corporation, a spin-off company from the Uni- 
versity of Texas at Austin. The article describes where LM 
technology can significantly affect affordability. 

Professors Emanuel Sachs and Michael Cima at the 
Massachusetts Institute of Technology (MIT) developed a 
method for forming parts from metal powders by an ink-jet 
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like process, which they aptly named “3D Printing.” The 
article discusses advantages of the process for making parts 
with highly complex external and internal geometries such 
as internal cooling channels for injection mold tooling. Their 
research has been licensed by MIT to the company, Soligen 
Technologies, Inc. 

Professor Fritz Prinz at Stanford University and Dr 
Lee Weiss at Carnegie Mellon University describe a novel 
approach for making complex metal, ceramic and plastic 
parts. Known as Shape Deposition Manufacturing, it involves 
combining techniques of material deposition with material 
removal, e.g., using 5-axis machining for precisely shaping 
individual layers to a specified tolerance during the layering 
process. They discuss several applications relevant to the 
Department of Defense (DoD) including a composite steel/ 
copper injection molding tool, a miniature turbine wheel as- 
sembly, and a rugged casing with embedded wiring for a 
wearable computer for underwater use. 

A multidisciplinary research team at Rutgers Univer- 
sity, lead by Professor Steven Danforth of the Ceramic and 
Materials Engineering Department, present a LM method 
known as Fused Deposition of Ceramics (FDC) in which 
hot extruded ceramic-loaded organic filaments are used to 
deposit the layers. Their paper surveys FDC for structural 
ceramics, bio-ceramics, and piezo-electric transducers 

Dr. G. Allen Brady and Professor John Halloran at the 
University of Michigan describe a technique for producing 
ceramic parts, based on conventional stereolithography, 
which uses a laser to scan an outline of a shape on a layer of 
photosensitive polymer. They developed new ultraviolet- 
curable polymers with a suspension of ceramic powder to 
produce ceramic parts. The authors show examples of fully 
dense ceramic parts with excellent microstructures. 

Dr. Susanna Ventura and her collaborators in the Elec- 
trochemical and Polymer Technology Center at SRI Interna- 
tional have developed an innovative technique for producing 
ceramic parts using digital, pixelated visible light projected 
on a photocurable ceramic dispersion. Their process, known 
as “Direct Photoshaping,” uses digital micromirror technol- 
ogy, developed by Texas Instruments, Inc., to expose and 
cure specific regions of each layer all at once to rapidly build 
up a part with embedded ceramic powder. The polymer can 
subsequently be burned off and the resulting “green” ceramic 
object sintered to final density. A silicon nitride turbine vane 
for a gas turbine engine has been produced by this method. 

Professor Harris Marcus of the Institute of Materials 
Science at the University of Connecticut and his colleagues 
describe a very different LM process that uses lasers to de- 
compose locally reactant gases in a controlled manner. Their 
process is known as selective area laser deposition. The au- 
thors show how to build ceramic parts and how to join sepa- 
rate ceramic pieces together with this process. 

Professor Debasish Dutta and his colleagues at the 
University of Michigan are investigating digital representa- 
tions of parts with graded materials and microstructures, for 





LM computer aided design. A distinct advantage of LM is 
the conceptualization of a part as a stack of layers, which 
actually simplifies computation, design, and manufacturing 
processes. 

The articles in this issue of the Naval Research Re- 
views provide insight into tomorrow’s manufacturing capa- 
bilities. These capabilities have important implications for 
production and productivity. LM will advance affordable 
manufacturing technologies without the need for conven- 
tional or specialized tooling and without the need for part 
fixturing. LM will replace some traditional manufacturing 
processes but not all. LM will complement some conven- 
tional high-volume manufacturing processes by enabling the 
rapid production of machine tooling, e.g., from durable, ero- 
sion-resistant, high temperature materials 

The capability of LM to produce nearly arbitrary shapes 
lends itself to rapid, flexible, customized production.' LM 
technology is often capable of producing more kinds of parts 
with less lead time, setup time, production time, assembly, 
and effort than, e.g., by comparable machining. Moreover, 
as greater precision is achieved with LM, part size and not 
geometric complexity will be the dominant factor in part cost 
and time whereas in comparable conventional machining both 
part size and complexity are significant factors. And with 
lower costs of small-lots and reduced production time, 
customization of commodity parts on-demand with LM will 
become an alternative to traditional mass production of stan- 
dard machined parts and stockpiles of inventories. 

Layered Manufacturing also has important implications 


for repair and replacement of parts for which engineering 
designs are no longer available or where designs never ex- 
isted. The capability to reverse engineer, e.g., using x-ray 
tomography or coordinate measurement machines, can pro- 
vide geometric information necessary for replicating a part 
with LM. Moreover, complex part designs stored on a com- 
puter can be electronically transferred to sites such as ship- 
yards and potentially directly on-board ships or submarines, 
where LM would be used. With these capabilities, LM will 
be well suited for engineering service bureaus engaged in 
online/Internet commerce. 

Industry is adopting today’s commercial LM technolo- 
gies but mostly for use in early product design models and 
for nonfunctional prototyping of parts. This will change as 
commercial LM technologies improve, are certified, and can 
manufacture complex parts with more materials and better 
dimensional accuracy than with the plastics that are widely 
and commercially available today. Traditional machine shops 
with their hazards and noise may be replaced by LM tech- 
nologies in quiet environments with less exposure to haz- 
ardous materials and less waste. LM will move rapid 
prototyping to rapid manufacturing. 

We expect future LM research to achieve part features 
down to micron scales with specified microstructural and 
materials properties. This capability will enable fabrication 
of complex components in one operation with minimal 
postprocessing and assembly. And someday, we anticipate 
LM will find its way into the office as your desktop “3D” 
fax machine 


'For these reasons, LM is also referred to as “solid freeform fabrication (SFF)” for its ability to produce complex parts 
and as “rapid prototyping” because often LM can produce a part more quickly than other means. 
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Profiles 
in Science 


Joseph J. Beaman 


Dr. Joseph J. Beaman is the Andersen Consulting En- 
dowed Professor in Manufacturing Systems Engineering at 
the University of Texas, Austin, where he has been on the 
faculty since 1979. His particular interest in manufacturing 
is Solid Freeform Fabrication, which is also known as desk- 
top manufacturing. It is a technology that produces freeform 
solid objects directly from a computer model of the object 
without part-specific tooling or human intervention. Pro- 
fessor Beaman has been a principal investigator of the Of- 
fice of Naval Research. 

One of his successful desktop manufacturing ap- 
proaches is selective laser sintering, where components are 
built by material addition rather than by material removal. 
In selective laser sintering, a directed laser beam is used to 
consolidate individual powder particles in selected regions. 
Compared to manual manufacturing methods, selective la- 
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ser sintering is inherently fast. In addition, this process has 
the potential to produce accurate, structurally sound three- 
dimensional renditions of objects designed in a computer 
and to make such objects available to the user in minutes or 
hours. The benefits of this new process include greatly re- 
duced prototyping cost and design time, and the capacity to 
achieve, in one operation, shapes that would otherwise re- 
quire multiple operations or in some cases shapes impos- 
sible to manufacture with standard techniques 

Professor Beaman is also a founder of DTM Corpora- 
tion, which specializes in selective laser sintering. This tech- 
nology is a freeform fabrication technology developed in 
Beaman’s laboratory at the University of Texas at Austin and 
is the first private commercial venture with the University 
of Texas’ Center for Development, Technology and Trans- 
fer. 





Potential Navy 
Applications for 
Selective Laser 
Sintering (SLS) 
Technology 


Patrick Bergan, Naval Undersea Warfare Center - Division Keyport, Keyport, WA 


Abstract 


Maintaining Navy weapons systems and support equip- 
ment is a continuous process, requiring periodic repair and 
replacement of parts. Procurement of spare parts is becom- 
ing increasingly difficult as fewer of the traditional defense 
suppliers exist. This problem is especially prevalent in the 
procurement of low quantity, high value, complex metal parts 
which are traditionally machined, forged or cast. These types 
of parts have long supplier lead times and high unit costs 
because of the need to produce complex tooling, forming 
dies, casting molds and perform Numerical Control (NC) 
programming. To help maintain equipment and improve 
lifecycle support in Navy ship and shore facilities, new tech- 
nologies are needed to reduce the cost and lead-time associ- 
ated with producing high value metal parts. Selective Laser 
Sintering (SLS) is a cutting edge, rapid manufacturing tech- 
nology intended to address this problem. SLS uses a high 
power laser to fuse metal powder in a layer-by-layer buildup 


process to produce a part on demand. Potential applications 
include production of metal spare parts, fabrication of metal 
molds for plastic parts and creation of complex tooling. SLS 
technology is still in its infancy, but initial results have been 
promising and the process clearly has a large number of po- 
tential Navy applications. 


Introduction 


The mission of the Naval Undersea Warfare Center 
(NUWC)-Keyport is to test and maintain weapons for a va- 
riety of undersea warfare programs. As a part of this func- 
tion, NUWC depots must repair or replace components from 
weapons systems damaged by corrosion, wear and other prob- 
lems. Due to the complexity of the parts and difficulties in 
finding sources of manufacture, procurement of new replace- 
ment parts is often a time consuming and costly process. 

To help meet this challenge, NUWC-Keyport is con- 
stantly looking at new technologies and processes to improve 
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the repair and fabrication of weapons components. One in- 
novative technology that has potential for helping with this 
problem is the Selective Laser Sintering (SLS) process. SLS 
is a new manufacturing technology which uses rapid 
prototyping techniques, in combination with conventional 
Hot Isostatic Pressing (HIP), to produce actual metal parts, 
not just plastic prototypes. The goal of the SLS project is to 
develop a rapid manufacturing process for creating high 
value, metal parts - traditionally produced by conventional 
casting, forging or machining processes. 

The SLS project team contacted NUWC in 1997 to 
look at the possibility of applying the SLS process to weap- 
ons components and more conventional shipboard parts. 
Initial metallurgical results produced in the first phase of the 
project showed that the basic SLS process had good poten- 
tial. These results, in combination with the inherently rapid 
build-up process, showed that SLS technology holds prom- 
ise as a method to rapidly produce replacement parts. 


SLS Background 


SLS uses a revolutionary process, patented by the 
University of Texas, for solidifying layers of metal powder 
into an actual part using a high power laser. The SLS tech- 
nique builds the part layer by layer in a process similar to 
that used by Stereolithography equipment. A layer of pow- 
dered metal is deposited on a work surface. A high power 
laser fuses the powder in the proper shape for each “slice” of 
the part. Successive layers are produced in this manner until 
the part is complete. 

Normally if a metal powder is completely melted, the 
surface tension of the liquid metal causes the material to 
“pool” together, destroying the geometry of the cross-sec- 
tion. The SLS process uses an innovative technique for pre- 
venting this from happening. This problem is avoided by 





Figure 1 
Image of “Canned” SLS Part. 
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using a laser to totally fuse only a thin outside layer of each 
slice. The interior of each slice is only partially fused- al- 
lowing the cross section to maintain the proper geometry. 

After SLS processing, the part is not yet complete. At 
this point, the part consists of a porous interior encapsulated 
by an impermeable shell (Figure 1). This shell acts as a self- 
contained “can” for the follow-on Hot Isostatic Pressing 
(HIP) operation. Using a conventional HIP process, the po- 
rous portion of the part is compressed to full density using 
hot pressurized gas. The impermeable shell acts as a mold 
or forming die for the HIP operation. 

Unlike conventional Stereolithography, which pro- 
duces a prototype facsimile of a part, the end product of SLS 
is an actual metal part. Not all part features can be produced 
in this manner. Features such as tight tolerance holes, threads 
and fine surface finishes may require subsequent machin- 
ing. However, the SLS process would be beneficial for pro- 
ducing parts with complex contours, normally requiring 
castings, forgings or complex machining. 


Potential Navy 
Applications of SLS 


The SLS process is appealing to the Navy because of 
the potential to quickly produce replacement parts. During 
regular maintenance on torpedoes and other weapons, NUWC 
depots constantly use replacement parts from component 
inventories. As parts are consumed, spare parts inventories 
need to be constantly restocked. Often, these parts are weap- 
ons components with unusual shapes and features to meet 
tight packaging and functional requirements. Additionally, 
these parts often use exotic materials to minimize corrosion 
and meet high structural or temperature requirements. 

With these types of requirements, replacement parts 
are often difficult to procure. Sources of supply and manu- 
facture are becoming increasingly difficult to locate. Parts 
often require complex tooling, forming dies or casting molds 
for conventional manufacturing processes, adding signifi- 
cant cost and production lead-times to the part acquisition. 
This problem is compounded when emergency replacements 
are required for out of stock spare parts. In this situation, 
procurement of parts in small quantities often results in very 
high unit cost and unsatisfactory lead times. With smaller 
weapons inventories, this problem becomes more prevalent 
as smaller lot sizes of parts are procured. 

Repair and replenishment problems are not limited to 
just weapons components, but also occur in ancillary sup- 
port equipment and more common shipboard components. 
Many of these systems can contain high value metal parts 
requiring periodic repair or replacement. In many cases, spare 
parts inventories may not exist because of the unique nature 
of the part or an infrequent need for replacements. When 
fully developed, rapid manufacturing techniques, like SLS, 





could significantly help reduce equipment downtime by pro- 
ducing parts needed for unexpected repair work. 

SLS could also be applied to the creation of tooling to 
support conventional manufacturing processes. Molds 
needed to produce complex rubber or plastic components 
can be expensive and time consuming to produce. Undersea 
weapons and support equipment utilize a considerable num- 
ber of custom, unique cable connectors and other plastic parts. 
Similarly, shipboard equipment can contain a number of dif- 
ferent types of plastic or rubber parts, which may not be on 
hand for emergency replacement. If the part is out of stock 
and the original manufacturer is not available, molds may 
need to be produced for emergency replacements. In these 
situations, the need to produce molds can make for extremely 
high unit costs and long replacement lead times. 

Tooling is usually a significant cost for parts produced 
conventionally by Computer Numerical Control (CNC) ma- 
chining. By their nature, parts produced using CNC equip- 
ment typically can contain complex features and geometry. 
Similarly, the “workholding” tooling and fixtures needed to 
support the part during machining can be complex. For one 
time replacement of parts or small lot sizes, the expense and 
time needed to produce support tooling often extends the 
replacement part cost and schedule. Applying a rapid manu- 
facturing process like SLS to the creation of CNC tooling 
could benefit another problem area in producing replacement 
parts. 


Typical Part Applications 


SLS would provide the greatest benefit in producing 
high value parts with complex features or difficult tooling 
requirements. In the undersea warfare arena, there are many 
examples of this type of part. Components within a torpedo 
must meet many difficult requirements. Parts must endure 
high stresses due to pressure at depth and a corrosive envi- 
ronment from seawater and torpedo fuel. Many parts must 
withstand very high temperatures during test runs. To meet 
all functional requirements and fit in a very physically con- 
fining package, many of the parts have unusual geometries. 
As a result of this, conventional machining or casting of these 
parts typically requires a considerable investment in tool- 
ing, setup time and machine time. 

An example of this type of part is the Rotary Valve 
utilized in the Lightweight (MK 46) Torpedo (shown in Fig- 
ure 2). During a torpedo run, this part functions as a timing 
valve to direct torpedo fuel in the proper sequence to the 
torpedo cylinder barrel. The part must withstand high tem- 
peratures, high fuel pressures and function in a corrosive 
environment. The Rotary Valve is currently fabricated out 
of Molybdenum in a powder metallurgy process. Critical 
areas on the valve are then subsequently machined to toler- 
ance. 

Conventionally, this part would require an expensive 
forming die to be produced. With the free-form fabrication 





Figure 2 
MK 46 Rotary Valve. 








abilities in SLS, the raw shape of the part could be produced 
without tooling with some minor subsequent machining op 
erations. The time spent in sintering, subsequent HIP pro- 
cessing and follow on machining could possibly be 
accomplished in days rather than weeks 

A similar example of a high value, complex shaped 
part is the Radius Boot (shown in Figure 3). This part is 
used on submarines to pay out wire attached to Towed Array 
equipment. The Radius Boot must withstand a corrosive sea 
water environment and exhibit excellent wear resistance 

Currently, this part is fabricated out of Titanium in a 
CNC machining process using custom-built cutting tools 
This is another example of a part which would be difficult to 
produce quickly in an emergency replacement scenario. In 
this case, it would clearly be a benefit if a rapid manufactur- 
ing process, like SLS, could produce this type of part with- 
out the need for custom cutting tools or workholding fixtures 

SLS technology would not only be beneficial in di- 
rectly producing parts. Another potential use of SLS would 
be in the production of general tooling for CNC machining 
or molds for plastic parts. Undersea weapons programs use 
many types of custom plastic parts produced by plastic in- 
jection molding. As is the case with other torpedo parts, 
these parts typically have unusual geometries and tight tol- 
erances. 

The ADCAP A-Cable (shown in Figure 4) is just one 
example of a part used with the peripheral equipment of the 
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Figure 3 
Radius Boot (Section View). 








torpedo. The connector end of the A-cable is plastic injec- 
tion molded around a “bed” of connector pins and other elec- 
trical components. The molds to produce this part are 
expensive because the geometry of the connector body is 
complex and the tooling must hold the internal connector 
components precisely during the molding process. 

The A-Cable mold was machined conventionally re- 
quiring a great deal of cost and a long lead-time. If this part 
could be produced in an SLS process, considerable time and 
expense could be avoided. This would be especially benefi- 





Figure 4 
A-Cable Connector Mold. 
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cial in instances where replacement parts which do not have 
any tooling availabie must be made. 


Closing 


The Rotary Valve, Radius Boot and A-Cable connec- 
tor are typical examples of parts needing periodic replace- 
ment or repair. Within all the systems on board ships, 
submarines and on shore stations, there are certainly numer- 
ous quantities of high value, complex parts contained in Navy 
equipment. In an era of declining defense budgets and fleet 
reductions, maintaining weapons systems, support equipment 
and stocking spare parts inventories will be more challeng- 
ing in the future. Provisioning of replacement parts becomes 
more of a problem as fewer of the traditional commercial 
sources exist to produce replacement parts. New technolo- 
gies and processes are needed to enable high value parts to 
be produced on demand. 

The ability to make actual parts or tooling from a vari- 
ety of materials in days, rather than weeks or months, makes 
SLS a potentially valuable tool. While the SLS technology 
is still in its infancy, this type of rapid manufacturing tech- 
nology clearly has potential to address some maintainability 
problems for the Navy. 

Currently, the SLS project is in the midst of Phase I. 
The goal of Phase I is to demonstrate and test the metallurgi- 
cal qualities of the process and refine the basic technology. 
Initial testing performed on Titanium, Inconel 625 and Mild 
Steel/Nickel alloys have had promising results. Develop- 
ment work is proceeding on refining surface finishes and 
improving dimensional control. 

Phase II of the project, scheduled to begin in Fiscal 
Year 1999, will involve the production of a higher power 
laser sintering station to use in an actual test-bed setting. In 
this phase of the project, NUWC-Keyport will function as 
the DOD test-bed for the project. The SLS process will be 
used to develop process parameters and techniques that can 
be applied to production of actual components for Navy use. 
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Fabricating Metal 
Tooling and Metal 
Parts by 3D Printing 


Emanuel Sachs, Samuel Allen, Michael Cima, Xiaorong Xu, Javier Bafios, James Serdy, David Brancazio, and 
Honglin Guo, Massachusetts Institute of Technology, Cambridge, MA 


Abstract 


Three Dimensional Printing is being used to create 
metal parts directly by repetitively spreading a layer of metal 
powder and then selectively joining the powder in that layer 
by ink-jet printing of a binder material. The printed green 
part is then removed from the powderbed and furnace post- 
processed to yield a fully dense metal part which can be used 
as a tool for subsequent forming operations or can serve as 
an end-use metal part. This paper focuses on the application 
to injection molding tooling. 

The in situ fabrication of cooling channels within an 
injection mold which are conformal to the molding surface 
has been shown to result in 15% shorter cycle time while 
yielding parts with 10% less distortion as compared to a con- 
ventional production tool. A “Conformal Cooling Criterion” 
has been developed to facilitate the design of such cooling 
channels. Printed textures on the interior of cooling chan- 
nels have been further shown to be capable of an 8-fold in- 


crease in heat transfer coefficients as compared to smooth 
channels. 

With the present materials system, dimensional vari- 
ability is introduced during the furnace processing and data 
taken on a set of 20 tools shows that the current tolerance is 
approximately +.25%. Surface finish improvements due to 
improved drop placement accuracy have been demonstrated, 
allowing for hand finishing of tools. Materials systems are 
under development with the goals of hardness higher than 
the current system (30 HRC) and lower shrinkage (better 
dimensional control). 


Introduction 


Three Dimensional Printing 


Three Dimensional Printing (3DP) is a process for the 
rapid fabrication of three dimensional parts directly from 
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Figure 1 
A schematic diagram of the 3D Printing process. 
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computer models [1,2]. A solid object is created by printing 
a sequence of two-dimensional layers. The creation of each 
layer involves the spreading of a thin layer of powdered 
material followed by the selective joining of powder in the 
layer by ink-jet printing of a binder material. The powder 
bed is lowered at the completion of each layer by lowering 
the bottom of the rectangular cylinder which contains the 
bed. Figure | depicts the steps involved in creating a part. 
Unbound powder temporarily supports unconnected portions 
of the component, allowing overhangs, undercuts and inter- 
nal volumes to be created. The unbound powder is removed 
upon process completion, leaving the finished part. 

3D Printing offers three key features which define its 
competitive advantages: 

* Geometric Flexibility. Any geometry can be cre- 
ated with a minimum feature size of 100 microns. The reso- 
lution of edge location is approximately 10 microns. 
Overhangs and undercuts can be created because the pow- 
der acts as a support medium for the part under construction. 

¢ Material Flexibility. A part can be constructed out 
of any material which can be obtained as a powder, includ- 
ing ceramics, metals and polymers. The composition of a 
part may be controlled on a local basis by printing different 
materials through different nozzles, resulting in the ability 
to control composition on a 100 micron length scale. 

¢ Production Rate. Ink-jet technology may be scaled 
up using multiple nozzle technology. 

3D Printing is being exploited for a wide range of ap- 
plications including many applications that are being com- 
mercialized. Soligen Incorporated of Northridge, CA, 
provides metal castings made using 3D Printed ceramic 
molds and cores (3, 4]. Z Corp. of Somerville, MA, pro- 
vides 3D Printing machines for the office modeling applica- 
tion used to produce models to verify geometry. Therics, 
Incorporated of Princeton, NJ, is developing various medi- 
cal applications based on 3D Printing technology. Specific 
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Surfaces of Franklin, MA, is using 3D Printing to create ce- 
ramic filters for hot gas filtration. ExtrudeHone Corpora- 
tion of Irwin, PA, provides machines and services for the 
fabrication of metal tooling and metal parts by 3D Printing 
[5]. Several other application areas are under development 
including fine resolution metal parts and ceramic parts for 
electronic and structural applications. Military applications 
under development include: i) ceramic cores for lost-wax 
casting, ii) dies for injection of ceramic cores, iii) tools for 
resin transfer molding, iv) die casting tools with conformal 
cooling, and v) structural ceramic parts for high performance 
engines. 


Tooling by 3D Printing 


This paper focuses on the application of 3D Printing 
to the fabrication of tooling and specifically to the fabrica- 
tion of tooling for injection molding. Direct printing of tool- 
ing involves the following steps (see Figure 2): 

1. Print a polymeric binder into stainless or tool-steel 
powder. This step defines a green part within the powder 
bed. 

2. Remove the loose powder, thereby revealing the 
green part (60% dense). 

3. Burn out the polymeric binder in a furnace and 
lightly sinter the part. 

4. Infiltrate the part with a copper alloy in a second 
furnace operation, typically performed at 1100°C. At this 
point, the part is fully dense. 

5. Finish the tooling to achieve desired surface finish 
and dimensions as required. 





Figure 2 
Process sequence for creating tooling directly by 3D Printing. 
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Figures 3a and 3b show the scalability of the process. 
Figure 3a shows an 8-jet printhead and Figure 3b shows the 
printed layer which is created by raster scanning the 8-jet 
printhead over the surface of the powder. Figure 3c shows a 
set of tooling inserts emerging from the powder bed. Figure 
3d shows a tooling insert after sintering. Figure 3e shows 
the same core, together with its mating cavity after finish- 








Figures 3 

a) An 8-jet multiple nozzle printhead. b) Printing a layer of binder with a raster-scanned 8-jet printhead. c) Printed tools 
emerging from the powder bed. d) A core after printing and sintering. e) A finished tool set and a glass filled nylon part 
injected in it. f) A set of tooling inserts printed for various industrial applications. All tools have been infiltrated and approximately 
half of the tools have been finished and used to inject parts. For scale, the tool in the lower left hand corner is 150 mm long 











Three/1998 ll 





ing, together with a glass filled nylon part injected into this 
cavity. 

Periodically, a set of tools is fabricated for our indus- 
trial sponsors to serve as a benchmark for our process. The 
project is currently engaged in the fabrication of the third 
such set of tools. The results presented in this paper are 
derived from the second set of tools made. Figure 3f shows 
a “family portrait” of 14 of 22 tooling inserts made in the 
second set of tooling. The tool inserts in the foreground 
have been finished and used to inject plastic parts in materi- 
als including glass filled nylon and polycarbonate. Each tool 
set was designed by a different company and is typically 
relevant to a different industrial sector. Each company chose 
to finish the tool set in a different manner ranging from hand 
polishing to EDM. The tools toward the back of the photo 
are in earlier stages of processing and some are in the as 
infiltrated condition. A number of the tool inserts in this 
photo have conformal cooling channels within them (see 
below). All the tools were printed with 420 stainless steel 
powder and a bronze (90 copper, 10 tin) infiltrant. The hard- 
ness of these tool inserts is in the range of 25-30 HRC. 


Conformal Cooling 


Performance of Conformal Cooling 


Control of internal geometry is one of the key capa- 
bilities in tooling made by 3D Printing and this capability 
has been used to create cooling channels which are confor- 
mal to the molding cavity [6, 7]. Such cooling channels have 
been shown to improve the control of mold temperature, re- 
duce the cycle time and improve the dimensional control of 
injected parts. Recent work by an industrial sponsor has 
extended this approach to a high volume commercial prod- 
uct. Figure 4 shows the outline of the mold cavity with a 
representation of the serpentine conformal cooling channel 
printed in place (details are absent at the request of the spon- 
sor). This cavity was run in controlled tests against the cav- 
ity used in production with the results summarized in bullet 
form below. 





Figure 4 
A cavity with a serpentine cooling channel. 
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* Atone set of molding conditions, a 15% improve- 
ment in cycle time was obtained using the 3D Printed 
cavity with conformal cooling SIMULTANEOUS with a 
9% reduction in part distortion. It was further noted that 
the factor limiting even further reduction in cycle time in the 
cavity with conformal cooling was freezing of the sprue and 
not the cavity itself, thus offering the potential of further 
cycle time reduction with a runner system redesign. 

* At a second set of molding conditions, a 37% 
reduction in part distortion was obtained using the 3D 
Printed cavity with conformal cooling with the same cycle 
time as the production tool. 


Design of Conformal Cooling 


To take full advantage of the geometric flexibility of 
3D Printing, the design of conformal cooling lines can be 
quite complex and effort has gone into the codification of 
this design process. This codification begins with a formal 
definition of what is meant by conformal cooling lines and 
follows with tools designed to address the trade-offs associ- 
ated with the design of these cooling lines. 

As the name implies, conformal cooling is used to sig- 
nify cooling channels which conform to the surface of the 
molding cavity. However, in this paper, the term conformal 
cooling has a further significance which is related to the tran- 
sient heat transfer within the mold. When a mold with con- 
ventional cooling channels is started up it takes some time 
(and many injection cycles) before the mold reaches a steady 
State operating temperature. With each injection cycle, a 
heat pulse propagates in from the plastic and eventually the 
steady sate is reached. However, if the cooling lines are 
placed very close to the surface, the steady state condition is 
reached very quickly. In fact, if the lines are close enough to 
the surface, the steady state is reached after one injection 
cycle. By our definition, cooling lines are conformal only if 
they are close enough to the surface to allow the tool to reach 
a steady state operating temperature within one injection 
cycle. Inthe case where the heat transfer between the cool- 
ing line surface and the fluid within it is high, a simplified 
expression for a “Conformal Cooling Criterion” can be ob- 
tained as follows: 


i 
Tool Time Constant = =a < Cycle Time 


This condition states that the time constant for ther- 
mal equilibration of the tool is related to three thermophysical 
properties of the mold (thermal conductivity, K, mass den- 
sity, p, and specific heat, c) and to the square of the distance 
from the mold surface to the cooling lines (/). When this 
time constant is less than one injection cycle, steady state 
will be reached after one injection cycle. 

In addition to satisfying the proximity condition em- 
bodied in the “Conformal Cooling Criterion”, conformal 
cooling lines must be designed so that: i) the flow be suffi- 








Figure 5 


a) Drawings of a complex cooling line design in a core. b) A 3D Printed core with conformal cooling lines (see Figure 6a). 














cient given a maximum allowed pressure drop, ii) the tem- 
perature drop along the cooling line not exceed a certain 
value, say 2°C, iii) the surface temperature of the mold be 
sufficiently uniform between cooling lines, and iv) the mold 
have sufficient strength, and low enough deflection over the 
cooling channels. These conditions may be expressed in 
mathematical form and used to develop specific designs 
Figures 5a and 5b show the result of the application of these 
methods to a complex injection molding core. 


Heat Transfer Augmentation 


In order for cooling channels to be effective either in 
standard cooling geometries or in conformal cooling geom- 
etries, there must be effective heat transfer between the wall 
of the cooling channel and the fluid within it. Conventional 
wisdom has it that the flows within the cooling channels must 
be turbulent so as to provide the high heat transfer coeffi- 
cients required. However, turbulent flows require high flow 
rates and significant pumping requirements. In order to re- 
duce the pumping requirements, the use of heat transfer aug- 
mentation features was investigated. With guidance from 
the literature on heat transfer augmentation, 14 different sur- 
face textures were designed and printed. These textures are 
all based on ribs which are approximately 450 microns wide 
and stand 250 microns from the surface. The textures may 
be grouped into three categories: i) ribs perpendicular to the 
direction of the flow, ii) ribs at an angle with respect to the 
flow, iii) V-shaped ribs. Figure 6a shows a schematic of a 
block made by 3D printing with 4 channels printed within it, 
each of which has a different surface texture. Figures 6b - 
6d show examples of each of the three classes of surface 
texture. Two controls were also fabricated and tested. In 
one case, the channel was fabricated by wire EDM so as to 
produce a smooth surface. In the other case, a channel with 
no surface texture features was tested in the as printed con- 
dition. 

The steady state heat transfer performance of the two 
controls and the 14 surface textures was measured using water 
as the working fluid over a range of Reynolds numbers from 


1,000 to 15,000. Figure 7 shows the measured heat transfer 
coefficients for the two control channels and the two surface 
textures with best performance as a function of Reynolds 
number. As may be seen, the as printed surface roughness 
itself provides some heat transfer augmentation as compared 
to the smooth channel. Most significant, however, is that 2 
of the V-shaped geometries provide almost an order or mag- 
nitude increase in heat transfer coefficient over the perfor- 
mance of the smooth channel. This improvement is observed 
throughout the range of flow tested which encompasses both 
laminar and low turbulent regimes (the transition between 
these regimes is at approximately a Reynolds number of 
3,000). The other 12 textures range in performance from 
not much better than the smooth channel to approximately 
half the performance observed in the best textured channel. 
Figure 8 presents data on the pressure drop versus Reynolds 
number for the same four channels as performance is de- 
picted in Figure 7. As may be seen, there is little or no pen- 
alty in pumping requirement for the channels with surface 
texture. 

From this work, it seems that 3D Printed tools could 
incorporate heat transfer augmentation features which would 
substantially reduce the pumping requirement by allowing 
for effective heat transfer even with laminar flow. Further, 
the scalability of 3D Printing opens up the possibility of uti- 
lizing the process to make heat exchangers in small and 
moderate quantity. 


Dimensional Control 


The dimensional control of tooling made by 3D Print- 
ing is governed by the furnace processing steps and in par- 
ticular by uncertainty in the shrinkage during the sintering 
operation. During the sintering operation there is some 
shrinkage of the part which is associated with the formation 
of a skeleton which can subsequently be infiltrated. The 
CAD file is “prestretched” by the amount of anticipated 
shrinkage. A green part is then printed and these green parts 
have been found to conform quite closely to the 
“prestretched” CAD dimensions. At the present time, the 
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Figure 6 


a) Schematic of a 3D Printed block with channels with surface textures. b) Perpendicular printed ribs on the interior of 5 mm 
x 5 mm channels for heat transfer augmentation. c) Angled printed ribs on the interior of 5 mm x 5 mm channels for heat 
transfer augmentation. d) V-shaped printed ribs on the interior of 5 mm x 5 mm channels for heat transfer augmentation. 
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shrinkage during the sintering step is 1.8 + .25 % (linear), 
which represents a nominal shrinkage of 1.8% and an uncer- 
tainty in shrinkage of .25%. While the nominal shrinkage 
can be anticipated by “prestretching” the CAD file, the un- 
certainty in shrinkage dictates a loss of dimensional control 
which scales with part dimension. 

Based on previous observations, a specification range 
was created which contemplates a multiplicative error which 
is expected to scale with part size and an additive error which 
reflects uncertainty in the location of the edges of the part 
which is not expected to scale with part size. This specifi- 
cation range is illustrated as the trapezoidal shaded region in 
Figure 9 where the vertical axis is the error in linear dimen- 
sion (deviation from desired dimension) of the infiltrated tool 
and the horizontal axis is the length of a particular dimen- 
sion. The vertical intercepts represent the additive error while 
the slope of the top and bottom of the spec range represent 
the multiplicative error. 

Figure 10 shows data taken on 18 tools in both the fast 


and slow axes within the print plane. As can be seen, 81 of 


the 107 data points lie within the anticipated spec range. 
Figure 11 shows analogous data for the vertical axis. In this 
case less data is available but the ratio of 15 out of 21 points 
(on 6 tools) within the specification range is roughly compa- 
rable to the in plane print data. While the results were not 


14 Naval Research Reviews 


quite as good as expected, it does seem that we have come 
close to defining a proper specification range which antici- 
pates the dimensional control of our tooling. Further, it can 
be noted that most of the data of Figures 10 and 11 has a 
positive bias, and so correction of this bias would further 


improve the results. Nonetheless, the dimensional control 





Figure 7 
Heat transfer coefficient as a function of Reynolds Number 
for control and textured channels 
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Figure 8 


Pressure drops as a function of Reynolds Number for control 
and textured channels. 


Figure 10 


Data on dimensional control of 3D Printed tooling within the 
print plane. 
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of our tooling is not sufficient for net shape tooling inserts 
(perhaps by a full order of magnitude). Thus, materials sys- 
tems with substantially improved dimensional control are a 
major thrust for this project. The primary thrust is to de- 
velop systems which have less shrinkage, on the assumption 
that the uncertainty in shrinkage will scale with the magni- 
tude of the shrinkage. 
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ment represents a combination of new printhead hardware, 
new software used to create the printing instructions from 
an .STL model and the integration of on-line measurement 
used to characterize and adapt to changes in the performance 
of the printhead [8]. 





Figure 9 
Illustration of the specification range for 3D Printed tooling. 
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Surface Finish 


Figure 12b shows a detail area of the cavity geometry 
of Figure 12a created with two different printing approaches. 
The detail to the right illustrates a significant improvement 
in surface finish which has been achieved by control of the 
droplet landing position with 10 micron resolution in each 
of the two in-layer axes (contrast this with 10 micron x 
150 micron resolution in the detail at the left). This achieve- 


Figure 11 


Data on dimensional control of 3D Printed tooling in the vertical 
axis. 
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Harder Tooling 


As noted earlier, the current tooling materials system 
is 420 stainless powder, infiltrated with bronze, a system 
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Figure 12 


a) An infiltrated core and cavity set. b) A detailed view of the “k” in the tool of Figure 21 with low resolution (left) and high 


resolution (right). 








which produces a hardness of 25-30 on the Rockwell C scale. 
However, this hardness is actually the result of a composite 
system which has particles which are quite hard (HRC 50+) 
and infiltrant which is much softer (HRB scale). 

A goal of the project is to develop materials systems 
with higher hardness and with greater uniformity of hard- 
ness between powder and infiltrant though the use of 
hardenable infiltrants. However, when the molten infiltrant 
contacts the powder, mutual solubility and fast inter-diffu- 
sion at the infiltration temperatures can lead to changes in 
the composition of both powder and infiltrant resulting in a 
loss of hardenability of both (as well as possible distortion). 
Thus, an important goal of the project is to understand the 
interaction of powder and infiltrant, design materials sys- 
tems which minimize this interaction, and manage any re- 
maining interaction. Toward this end, computer-aided alloy 
design has been used in the 3DP material system selection. 
The computer modeling can simulate the thermodynamic 
interaction of the multi-component 3DP system at any tem- 
perature. The simulation results show the mole fraction of 
each phase and the composition of each phase at equilib- 
rium state. In addition, the simulation can also show the 
melting point of the infiltrant, the phase transformation tem- 
perature and the effect of an additive element on the thermo- 
dynamic equilibrium.Good agreement between the computer 
calculation and experimental result has been obtained for 
the interaction of the 420 stainless/bronze system. This tool 
is now being used to design alloy systems. 


Conclusions 


Three Dimensional Printing is being applied to the 
fabrication of tooling directly from a computer model using 
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metal powders. Stainless steel powder is spread and a poly- 
meric binder is ink-jet printed to define a green part which is 
removed from the powder bed. The binder is burned out and 
the part lightly sintered. The porous preform is then infil- 
trated with a copper alloy to produce a fully dense part. This 
paper reports on results attained on a set of approximately 
20 tooling inserts, ranging in size from 5 cm to 20 cm in 
length. The tools were fabricated using hardenable stainless 
steel powder with a resultant tooling hardness of 25-30 
Rockwell C. Significant improvements in surface finish were 
obtained using improved printing technology with the result 
that tools could be finished by hand and used to inject parts. 
Dimensional control of tools conformed well to the expected 
result of being dominated by control of shrinkage and being 
predictable to within + .25%. 

Thermal management of the tool is a crucial compo- 
nent of injection molding, substantially determining the cycle 
time and part quality for a given part design. The ability of 
the technology to create internal geometry has been exploited 
in the form of cooling channels which are conformal to the 
molding cavity. Such channels have been shown to result in 
substantial improvements of production rate and part qual- 
ity when compared to conventional tooling. Methodologies 
for the design of tools with complex conformal cooling lines 
have been developed. Especially important is the develop- 
ment of a “Conformal Cooling Criterion” which provides an 
upper limit to the spacing between the molding cavity and 
the cooling line. Order of magnitude improvements in heat 
transfer coefficients have been demonstrated through the use 
of printed-in-place surface textures on the channels. In the 
future, such heat transfer enhancement can result in substan- 
tially reduced pumping requirements. 

Critical areas for the technology center around the de- 





velopment of new materials systems. Work is under way on 
the development of low shrinkage systems in order to im- 
prove dimensional control and on the development of alloy 
systems with higher hardness. 3D Printing of tooling and 
metal parts is being commercialized by ExtrudeHone Cor- 
poration of Irwin, PA. 
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Abstract 


Shape Deposition Manufacturing (SDM) is a solid 
freeform fabrication (SFF) process that incrementally builds 
up complex parts by systematically combining material ad- 
ditive processes with material removal processes. The ad- 
vantages of each type of process are thus combined such 
that novel structures can be fabricated with SDM that could 
not be practically fabricated with either material additive or 
material removal processes alone. Examples of such struc- 
tures, which are relevant to Navy/DOD applications, are 
described in this paper including a waterproof wearable com- 
puter with embedded electronics, a composite steel/copper 
injection mold tool, and a miniature turbine wheel assem- 
bly. In addition, this article presents a novel implementation 
of a SDM system based upon the integration of deposition 
apparatus (i.e., material additive process) with an existing 
computer-numerically-controlled (CNC) milling machine 


(i.e., a material removal process). Such an implementation 
is a cost-effective way to create high-quality SFF machines 


1. Introduction 


Most solid freeform fabrication (SFF) systems are 
based upon a material additive, layered manufacturing 
method. Computer-aided-design (CAD) models are first de- 
composed into thin cross-sectional layer representations, then 
physical parts are built up in custom automated fabrication 
machines, layer-by-layer, using material additive processes 
(1). Layers of sacrificial structures are simultaneously built 
up to fixture and support the growing shapes. While layered 
manufacturing facilitates rapid prototyping (e.g., quickly 
fabricating “models”, as opposed to production parts) of ar- 
bitrarily complex shapes, the resulting surface finish and 
accuracy, which are critical factors for being able to fabri- 
cate functional parts, are compromised by the “stair-steps” 
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Figure 1 
Shape Deposition Manufacturing. 
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from layer-to-layer. High accuracy and quality surface fin- 
ishes, required for such applications as custom tooling, pre- 
cision assemblies, and structural ceramics, are best achieved 
with material removal processes such as 3- and 5-axis com- 
puter-numerically-controlled (CNC) milling and electrical 
discharge machining (EDM) machines. 

Shape Deposition Manufacturing (SDM) is a SFF pro- 
cess for which the original goal was to combine the advan- 
tages of geometry decomposition and material addition with 
the advantages of material removal processes (Figure 1). The 
basic SDM fabrication methodology is to deposit individual 
segments of a part, and of support material structure, as near 
net shapes, then machine each to net-shape before deposit- 
ing and shaping additional material (2). This method takes 


advantage of the basic SDM decomposition strategy which 
is to decompose shapes into segments or ‘compacts’, such 
that undercut features need not be machined, but are formed 
by depositing onto previously deposited and shaped seg- 
ments. For example, undercut part features are formed by 
depositing onto shaped support material compacts, and vice- 
versa. In addition, the decomposition plan preserves the 3D- 
geometry information of the outer surface of each compact 
so that the desired shape of the CAD model can be accu- 
rately replicated when 5-axis machining is available. Each 
compact in each layer is deposited as a near-net shape using 
one of several available deposition processes that are de- 
scribed in subsequent sections. The thickness of each com- 
pact depends not only on the local part geometry, but also on 





Figure 2 


Multi-material structures with embedded components. (a) Example of a heterogeneous structure. (b) Sequence for depositing 
and shaping; each compact is deposited, then shaped before proceeding to next compact. 
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deposition process constraints. After the entire part is built 
up, the sacrificial support material is removed to reveal the 
final part. 

In addition to the rapid prototyping of complex shapes, 
selective additive material processing enables the fabrica- 
tion of multi-material structures and it also permits prefabri- 
cated components to be embedded within the growing shapes 
as depicted in Figure 2a. Another goal of SDM research is to 
investigate how the capability to fabricate such heteroge- 
neous structures enables the manufacture of novel product 
designs (3). An example of the compact splitting strategy 
and sequence for depositing and shaping materials for a typi- 
cal layer of a heterogeneous structure is depicted in Figure 
2b. Note how depositing onto the machined surface of one 
compact forms the undercut surface of another compact on 
top of the first compact. Several examples of heterogeneous 
designs are described in subsequent sections including a 
waterproof wearable computer with embedded electronics, 
and a composite steel/copper injection molding tool. In ad- 
dition to heterogeneous designs, novel assemblies of parts 
can also be directly built up with SDM by using sacrificial 
material to separate the individual parts. An example of a 
miniature metal turbine assembly is described in this paper. 

Another key issue for our research is how to imple- 
ment SDM in a cost-effective fashion. Until recently, SDM 


operations have been executed by building up the parts on 
pallets and transferring them to individual operating stations 
using a robotic palletizing system (4). Robotic manipulation 
was used in order to create a flexible system, for an R&D 
environment, which could be easily modified in order to in- 
vestigate alternative deposition, shaping or other intermedi- 
ate processing operations. Such a system, however, is too 
expensive and large for general dissemination of this tech- 
nology. The next section describes a novel, cost effective 
and compact implementation of SDM. 


2. Integrated CNC 
Shaping and Deposition 
Machine 


Commercialized SFF systems are customized ma- 
chines, and high performance SFF apparatus can be rela- 
tively expensive. As an alternative to customization, or to 
robotic automation, we are exploring implementing SDM 
by simply adding deposition apparatus directly to existing 
CNC milling machines such as are typically found in ma- 
chine shops throughout the world. In addition to shaping 
operations, the CNC milling machine provides the precision 





Figure 3 


Integrated CNC shaping/deposition machine for SDM. (a) Fadal VMC-15 CNC milling machine with integral extruder. (b) ACR 
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motion control required for deposition. When not being used 
for SDM, such an integrated CNC deposition and shaping 
machine can still be used as a conventional milling machine. 

For one example, the integrated CNC deposition/shap- 
ing machine shown in Figure 3a is being used to investigate 
the fabrication of ‘green’ ceramic parts using an extrusion 
deposition process (5). Green materials, which are depos- 
ited by the extruder, are composed of ceramic powders 
densely bound in polymeric binders. After the green part is 
built up and removed from the machine, the binder is burned 
out in a furnace. Then, the part is sintered to fuse the powder 
to form the final ceramic part. The CNC machine is based 
upon a commercially available Fadal VMC-15 3-axis mill 
with an automatic tool changer carousel’. An Advanced Ce- 
ramics Research extruder is mounted on a pneumatically 
actuated slide that is attached to the Z-axis spindle housing 
of the CNC machine. The slide is retracted when the ex- 
truder is not in use (e.g., during machining operations) and 
lowers the extruder into the workspace during deposition 
operations. The extruder is used to deposit both support and 
part materials; currently, we manually switch extrusion tubes/ 
nozzles preloaded with the different materials. Being able to 
quickly build complex ceramic parts is important for many 
military applications such as components for high-perfor- 
mance miniature turbine engines for drone aircraft. 

An example of a ‘green’ ceramic part built on the inte- 
grated SDM machine is shown in Figure 4. The part mate- 
rial is silicon nitride, and the support material is ACR 200, a 
proprietary non-ionic, water-soluble, machinable thermoplas- 
tic. While this particular shape could have been cut directly 
from a block of ‘green’ ceramic stock, such conventional 
machining would require re-orienting, re-fixturing, and reg- 
istering the part after the top-side has been cut in order to cut 
the bottom-side. Another advantage of SDM over conven- 
tional machining is that first depositing shapes in near-net, 
before machining, reduces the waste of costly materials. 

We have also explored the use of an integrated SDM 


machine that incorporated conventional welding to directly 
deposit steel and copper parts (6). We are currently creating 
an SDM machine for fabricating wax molds for molding gel- 
cast or thermoset materials (5). 


3. Multi-Material 
(Heterogeneous) 
Structures 


We believe that one of the most important roles for 
SFF in the future will be to help manufacture heterogeneous 
product designs. Several of these novel products that have 
been built with SDM are described below. While conven- 
tional manufacturing methods could have been used to fab- 
ricate these products, these methods would have required 
additional time-consuming operations, including the need for 
custom fixturing and tooling, complex assembly operations, 
and high-strength material joining processes. 


3.1. Steel/Copper Tooling 


Injection molding is the process of forming plastic parts 
by first flowing heated plastic into the cavity of a custom 
tool (i.e., the cavity is in the shape of the part), then allowing 
the plastic to cool down and solidify, and finally opening the 
tool to remove the part. Injection molding is used to mass- 
produce plastic parts in quantities from hundreds to millions 
of parts. SFF has been widely investigated for fabricating 
injection mold tools with complex molding surfaces, as well 
as with conformal internal cooling channels for thermal 
management. With SDM, even more advanced tools can be 
fabricated composed of multi-materials such as steel/copper 
composites. While steel provides strength and wear-resis- 
tance, copper’s superior heat transfer properties provide quick 
heat up and cool down of the tool as well as uniform heat- 





Figure 4 


Example of a part built with an integrated SDM CNC shaping/deposition machine. (a) Green Si ,N, part. (b) Part after 


pressureless sintering in N, at 1750°C. 
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’The extruder and the feedstock materials are manufactured by Advanced Ceramics Research Corporation, Tucson, AZ. 
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Figure 5 


Multi-material metal structures built with SDM. (a) Multi-material injection mold tool. 


(c) Laser welding process. (d) Microcasting apparatus. 


(b) Schematic of one half of tool. 
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ing. For example, Figure 5a shows a composite 316L stain- 
less steel injection molding tool produced by SDM using 
robotic-controlled laser welding and microcasting deposi- 
tion processes (7). One half of the tool, which is shown sche- 
matically in Figure 5b, has four internal copper deposits for 
temperature equilibration. Both halves of the tool have a “U”- 
shaped channel for water cooling during the molding pro- 
cess. The channels were formed by sacrificial copper, which 
was removed by etching in nitric acid. Portions of the cavi- 
ties contained small features that could not be cut with end 
mills and these were finished with EDM. 

In this tool, the steel was deposited with a laser weld- 
ing process (Figure 5c). A 2.4 kW CW Nd:YAG laser scans 
over the substrate and a melt pool forms into which metal 
powder is injected (Figure 5c). The injected powder fuses 
onto the substrate, leaving a bead of deposited material in its 
wake. While this laser welding process is very precise, in 
comparison with conventional welding methods, it cannot 
effectively deposit copper due to copper’s high reflectively. 
Therefore, microcasting was used to deposit the copper (Fig- 
ure 5d). Microcasting is a non-transferred welding process 
that deposits discrete droplets of super-heated molten metal 
(6). 

In addition to creating steel/copper structures, the la- 
ser system has also been used to deposit INVARTM, a low 
coefficient-of-thermal-expansion (CTE) nickel alloy, onto 
copper that was previously deposited onto steel. Such multi- 


material structures will have significant advantages in a wide 
variety of military applications. For example, in dies used 
for forming composite airfoils (e.g., for airplane and boat 
bodies), INVAR provides a closer match to the CTE of com- 
posite materials, thus resisting deforming the material dur- 
ing molding operations 

Ideally, the transition between different materials 
should be functionally graded, e.g., having a gradual change 
in material composition from one material to the next mate- 
rial. The laser system is particularly suitable for producing 
functional-gradient, multi-material parts because different 
materials can be continuously alloyed during the build pro- 
cess by simply mixing the powders which are fed to the melt 
pool. 


3.2. Embedded Electronics 


Another example of a heterogeneous design is an em- 
bedded electronic device fabricated by building up a non- 
conductive housing package and simultaneously embedding 
and interconnecting electronic components within the hous- 
ing. With this approach it is feasible to relatively quickly 
fabricate compact, rugged, customized computer modules 
in small lot sizes. This capability is particularly well suited 
for military applications, to manufacture mission-specific, 
conformal shaped ‘smart’ devices such as wearable comput- 
ers tailored for an individual soldier or a small military unit. 
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Figure 6 


Embedded Electronics. (a) 'Frogman' computer. (b) Waterproof application. (c) CAD model of 'Frogman’. (b) Deposition 


apparatus. 
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These computers might store maps, equipment descriptions, 
help to log data, or provide communication links. 

For one example, the ‘Frogman’ shown in Figure 6a 
and 6b is a waterproof computer that can store maps for navi- 
gational aids, or detailed assembly drawings for service, 
maintenance, or field operations. The graphical information, 
which is stored on Personal Computer Memory Card Inter- 
national Association (PCMCIA) cards, is displayed on a 
heads-up display (Figure 6c). A conformal shaped rear sur- 
face was also required so that the unit could be comfortably 


strapped to a diver’s leg. The device is built up in layers of 


polyurethane (PU) and sacrificial wax. The PU is deposited 
as a 2-part thermoset (left side of Figure 6d). The wax can be 
extruded with a conventional hot-glue gun (right side of Fig- 
ure 6d), or thick layers can be poured from a hot-melt pot. 
The fabrication details, including component embedding and 
interconnection are described in detail in (8). The important 
points are that custom tooling was not required to manufac- 
ture the Frogman and that embedding facilitates waterproof- 
ing 


4. Integrated Assemblies 


SDM has also been used to build up simple assem- 
blies in a single operation. As an assembly is being built up, 
its individual components are separated by and encased 
within sacrificial support material. After the assembly struc- 
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ture has been completely built up, the sacrificial material is 
removed, freeing the components to move with respect to 
each other. For example, SDM was used to create the steel 
crank mechanism shown in Figure 7. In this mechanism, a 
piston is connected to a crankshaft with a connecting rod. 
Turning the crank causes the piston to move back and forth 
in its chamber. The mechanism components are 316L stain- 
less steel, deposited with laser welding, and the sacrificial 
support material was microcast copper. 

The capability to create such integrated assemblies may 
be particularly useful for producing miniature mechanisms 
where discrete assembly is difficult, i.e., similar to the mi- 
cro-electro-mechanical systems (MEMS) methodology. To 
demonstrate the feasibility of SDM for the fabrication of 
structures with feature sizes in the range of tens to hundreds 
of and thousands of microns, several simple artifacts have 
been built (9). This regime has been recently referred to as 
the ‘mesoscopic regime’ which means that characteristic fea- 
ture dimensions are bigger that those typically achieved us- 
ing very large scale integration (VLSI) fabrication methods 
(e.g., used to make integrated circuit chips), yet smaller than 
parts produced using conventional processing techniques. We 
believe that mesoscopic assemblies will be particularly im- 
portant for enabling future DOD applications such as au- 
tonomous micro-vehicles and micro-flying machines. 

In SDM, mesoscopic structures are built up using sput- 
tering and electro-plating deposition processes, and shaped 








Figure 7 


Complete assemblies and mechanisms directly built up with SDM. (a) Steel crank and piston mechanism. (b) Schematic of 


mechanism. 











with micro CNC or EDM machining. For one example, the 


1.1mm high nickel structure shown in Figure 8a consists of 


a wheel (Smm dia., 0.3mm thick) which is permanently 
mounted on a nickel axle (1mm dia.). The scanning electron 
microscopy (SEM) photograph in Figure 8b shows a cross- 
section of the wheel and axle before removal of the copper 
support structure. 

Additional examples of novel SDM mesoscopic inte- 
grated assembles are shown in Figure 9. Figure 9a is a nickel 
substrate carrying nine mesoscopic wheels. This structure 
suggests the possibility for building massively parallel min- 
iature machinery. Figure 9b shows a 130mm thick 
microturbine impeller that rotates at high speeds when air is 
passed through the gas jets. This structure establishes the 
feasibility of building assembled devices with clearances on 
the order of less than 20 microns. 


5. Discussion 


SFF has been successfully used within the limited 
realm of Rapid Prototyping. However, as SFF processes 
improve and are able to build functional, engineering mod- 


els, SFF will be used for mass customization, i.e., customers 
able to order products in small-lots (as small as one) cus- 
tomized for their specific needs. Such ‘mass-customization’ 
will be attractive for not only consumer and commercial 
markets, but also for defense industries as a “dual-use” tech- 
nology for creating products tailored to individual soldiers 
needs, as well as for cost effective tooling for manufacturing 
defense systems. In addition, by opening up the design space, 
novel designs, inaccessible with conventional manufactur- 
ing techniques, will be possible. One class of such novel 
designs is heterogeneous structures, such as embedded elec- 
tronics, and another class is integrated assemblies as de- 
scribed in this article. For heterogeneous structures to be 
practical, however, streamlined CAD systems will be required 
which enable concurrent representation and manipulation of 
geometry, material and embedded components. Other pos- 
sible novel designs will involve functional gradient struc- 
tures such as ceramic to metal parts or graded metal to metal 
structures allowing the transition from highly thermally con- 
ductive regions, inside, to tough surfaces on the outside of a 
part. Beyond these novel applications of SFF, it is hard to 
predict where exactly this will lead to when creative people 
have access to SFF technology. Undoubtedly, the creation 





Figure 8 


Mesoscopic nickel wheel on axle built with SDM. (a) Mesoscopic Ni wheel. (b) Cross-section of wheel and support. 
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Figure 9 


Examples of mesoscopic assemblies. (a) Assembly of nine mesoscopic wheels. (b) Miniature turbine impeller. 
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of products that no one has even conceived of as yet will be 
one of the likely outcomes. 
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Abstract 


Solid Freeform Fabrication (SFF) technologies are now 
being developed for functional ceramic components. SFF 
offers unique manufacturing opportunities, free from con- 
straints imposed by the part’s external geometric complex- 


ity, or the internal complexity resulting from the presence of 


multiple phases, porosity, etc. This paper gives a brief over- 
view of novel SFF techniques under development for: struc- 
tural ceramics, bio-ceramics, and electroceramic components. 
Parts were made directly by Fused Deposition of Ceramics 
(FDC). Fused deposition modeling (FDM™) and Sanders 


Prototyping (SPI) methods were used to form a variety of 


complex shaped molds (some with very intricate graded in- 


ternal structures) for the indirect (or lost mold) method of 


fabrication. Current research is directed at developing the 
processing and manufacturing science needed for layered 
manufacturing of multi-material, multi-functional ceramic 


components for electromechanical as well as structural ap- 
plications. 


Introduction 


Solid Freeform Fabrication (SFF) refers to methods 
that fabricate freestanding solid objects. While many of these 
techniques do not require the need for tooling or machining, 
some do. SFF methods are computerized (CAD file driven) 
material additive processes, originally applied to form and 
fit polymer applications which allow dramatic reductions in 
the time and cost of each component design iteration. [1-4] 
Several SFF technologies are under development at Rutgers 
University to make structural ceramic, bio-ceramic, as well 
as electronic ceramic components and devices. The electronic 
ceramic components under investigation are piezoelectric 
ceramics and ceramic-polymer composites for use as trans- 
ducers, actuators, vibration control devices, etc. All SFF tech- 
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nologies share the same general approach; they start with a 
surface tessellated .stl file, that is then sliced mathematically 
into discrete layers, and then sent to a fabricator which builds 
the object in a layerwise additive fashion. Solid freeform 
fabrication methods differ in the details of the materials, ma- 
terial deposition, etc. For SFF of ceramics and some SFF 
techniques for metals, the techniques use powders as the raw 
material, and therefore require post-SFF processing (binder 
removal, sintering, or infiltration) of parts to achieve the 
desired fully dense microstructure and desired properties. 
Some SFF techniques are able to make fully dense metal 
parts without the need for post-processing steps. 


Direct & Indirect SFF 
Processes 


Two different approaches are under development for 
manufacturing functional ceramic components; referred to 
as the “direct” and the “indirect” technique, Fig.1. In the 
direct method: Fused deposition of ceramics (FDC), based 
on fused deposition modeling (FDM™) developed by 
Stratasys, Inc., uses ceramic (or metal) particle loaded ther- 
moplastic filament wound on a spool as the material feed- 
stock, fed via counter rotating rollers into a heated extruder 
referred to as a liquefier.[5,6] The filament acts as the pis- 
ton to extrude the molten ceramic loaded polymer material 
out of a (250 micron to 635 micron diameter) nozzle onto a 
z-stage platform, where the material cools rapidly and bonds 
to adjacent layers, Fig The material deposition rate and 

are controlled by the computer. 
For ceramic (or powder metal) parts, the binder is subse- 
quently removed followed by sintering to full density. In the 


liquefier x-y position, etc., 





Figure 1 
Schematic of direct and indirect routes of layered 
manufacturing 
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Figure 2 
Schematic of the fused Deposition of Ceramics (FDC) SFF 
process. 
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indirect method, Fig. 1, components are manufactured by 
first making a polymer or wax mold, using either FDM™ or 
Sanders Prototyping (SPI) techniques. The FDM™ or SPI 
mold is then infiltrated with a ceramic (or metal) powder 
suspension, dried (or gelled), followed by thermal or sol- 
vent mold removal, binder removal, and finally sintering. 
Processing details, as well as further physical and electro- 
mechanical characterization of structural and electroceramic 
components processed via these direct and indirect SFF 
methods, are reported elsewhere.[7-12] 


Structural Ceramics 


The FDC process was initially developed for 
AlliedSignal’s GS-44 insitu-reinforced (ISR) silicon nitride 
(GS-44 Si,N,). The process steps for FDC of GS-44 Si.N, 
are: ball milling the powder with a surfactant, drying, grind- 
ing and sieving, compounding with the multi-component 
binder system (RU9) in a high shear torque rheometer, fol- 
lowed by cooling and granulation. The material is then ex- 
truded into 1778 micron diameter filaments in a single screw 
extruder fitted with a high shear tip screw and a breaker plate 
and screen that insure removal of large agglomerates. Parts 
are built using a liquefier temperature of 185°C in a cham- 
ber at 40°C. Typically, 381 micron diameter extrusion nozzles 
are used, building parts with 254 micron layer thickness. 
Ceramic part build times have ranged from | hr., for small 
simple shapes, to greater than 16 hr. for large, or very com- 
plex shapes. Figures 3 a,b show complex shaped GS-44 SiN, 
parts, made at Rutgers, by the FDC process. The typical den- 
sities of sintered FDC GS-44 Si.N, parts are >99 % of theo- 
retical density.[10] The average measured four-point bend 








Figure 3 


a) Various green ceramic (light) and metal (dark) parts built by FDC process. b) Complex shaped, sintered, machined 


GS-44 Si,N, component built by the FDC process. 





(b) 





fracture strength of FDC bars is >900 MPa, similar to values 
for commercially produced GS-44 Si.N, parts. The measured 
Chevron notch fracture toughness is 8 MPa m°*. While some 
subtle microstructural features are present which relate to 
layerwise building, there is little evidence, to date, of any 
significant difference in the microstructure, fracture strength 
or fracture toughness in samples where the cracks are driven 
parallel or perpendicular to the build plane. At present, GS- 
44 Si.N, samples fall into two categories: (1) those with av- 
erage four-point fracture strengths > 900 MPa, with a Weibull 
modulus of 15 (which fail from large grains or machining 
damage), and (2) those which fail from process induced Fe 
bearing defects and have strengths in the range of 500-700 
MPa. The Weibull modulus, m, is a statistical parameter that 
describes the width of the measured strength distribution 
Recent results indicate that the fracture toughness and frac- 
ture strength are independent of the crack direction relative 
to the build plane direction. Feasibility for FDC has also been 
shown for a wide range of other materials with average par- 
ticle sizes ranging from 0.5 microns to over 50 microns, in- 
cluding to date: lead zirconate titanate (PZT), Al,O., SiO.,, 
WC-Co, and 17-PH stainless steel. 


Porous Hydroxyapatite 
Ceramics 


Hydroxyapatite (HAp) and related calcium phosphate 
(CP) materials have been widely used as bone implant mate- 
rials for many years because of their close similarity in com- 
position and high biocompatibility with natural bone. Many 
researchers have emphasized the importance of controlling 
the pore size in HAp ceramics, and have claimed that a mini- 


mum pore size of 100 microns is necessary for the porous 
implant materials to function well, and pore sizes > 200 mi- 
crons are essential for osteoconduction. Many traditional 
techniques have been used to make porous bone scaffolds 
These techniques include the following: (1) the replamine 
process, which involves coating a polymer foam with a 50 
vol. % ceramic slurry and burning out the foam, and (2) press- 
ing HAp powder with polymer beads and then evaporating 
the spheres during heating, etc. These sintered structures 
typically have poor strength, because of the discontinuous 
pore network obtained using these methods. Also, it is nearly 
impossible to control the pore sizes and shapes for use in 





Figure 4 
3-D Honeycomb structure with interconnected, regular, 
cylindrical pore channels. 
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Figure 5 


Sintered, HAp bone structures made by indirect SFF 


technique 


Figure 6 
Schematic of the top half of a novel alternate poling design 
for a Moonie flex-tensional high authority actuator. 
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different applications. The FDM™ and SPI indirect SFF 
methods have been used to make porous bone scaffolds with 
a controlled porosity. First, the bone implant is designed us- 
ing AutoCAD or ProEngineer, followed by fabrication of 
the sacrificial polymer or wax mold, and infiltrating with a 
HAp aqueous suspension, etc. A variety of porous struc- 
tures have been fabricated, with porosity ranging from 30 to 
70 vol. %. The pore sizes of the structures have also been 
varied from 200 microns to 750 microns. Figure 4 shows a 
3-D honeycomb structure made by the FDM indirect method 
where the controlled pores are interconnected in three di- 
mensions. This type of 3-D honeycomb structure has never 
been made using any other method. Figure 5 shows HAp 
structures with ~ 55 vol. % porosity made by these tech- 
niques 


High Authority 
Actuators 


In the last few years, the technology of using piezo- 
electric and electrostrictive actuators for applications requir- 
ing large displacements such as linear motors, cavity pumps, 
switches, loudspeakers and noise-canceling devices, has 
undergone significant development. Such applications require 
very large displacements (>1000 microns) combined with a 
moderate force (>10 kg). However, the induced strains in 
piezoelectric and electrostrictive ceramic discs, regardless 
of their size, are a few tenths of a micron. Higher displace- 
ments and generative force are achievable with these mate- 
rials by employing strain-amplification techniques. As a 
result, Multilayer, Bimorph, Moonie, and Rainbow actua- 
tors, with magnified output displacement, have been devel- 
oped. [13-15]. A“Moonie” is an actuator consisting of a thin 
ceramic disk and two thin metal plates bonded together. Each 
of the metal plates has a narrow “moon”-shaped cavity in it. 


30 Naval Research Reviews 


A “Bimorph”, is an actuator consisting of two thin ceramic 
plates, which are bonded onto each side of an elastic metal 
shim. A “Rainbow” is a curved actuator, consisting of an 
oxide ceramic disk which has been reduced and internally 
biased. 

These components are useful for Naval and other DoD 
applications. These piezoelectric actuators can be used for 
active and passive vibration suppression on the space shuttle, 
missiles and other military as well as commercial vehicles 
They can also be used as components of a “smart skin” in a 
system. For this application, the signal of projectile impact, 
turbulent flow, or other undesirable vibration, is detected by 
a transducer, and then fed back to an actuator (in the smart 
skin), to change its shape, so as to negate, cancel, or mini- 
mize the deleterious effects of the event 

The focus of the layered manufacturing (LM) research 
at Rutgers is on high authority actuators, such as a metal- 
electroceramic composite flex-tensional transducer termed 
a “Moonie,” and dome shaped actuators, Figs. 6 & 7. Tradi- 
tional Moonies piece of 


consist of a monolithic 





Figure 7 
Photograph of a PZT ceramic dome actuator fabricated by 
the direct LM (FDC) process 














Figure 8 
Photograph of green PZT multi-ring ceramic actuator element 
fabricated by direct LM (FDC) process. 


Figure 9 
SEM micrograph of a sintered PZT dome actuator element 
fabricated by direct LM (FDC) process 
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electroceramic (lead zirconate titanate, PZT, lead magnesium 
niobate-lead titanate, PMN-PT) sandwiched between two 
metal end caps, where the ceramic is poled in the thickness 
direction, and upon actuation, extends in the thickness di- 
rection. There is an accompanying Poisson contraction in 
the transverse direction that flexes the metal end caps result- 
ing in an axial displacement, which couples with the axial 
displacement of the ceramic, thus amplifying the axial mo- 
tion and transmitting it to the metal end caps (see Fig. 6) 
These transducers are characterized by values of displace- 
ment and force on the order of 20-30 microns and 3 N re- 
spectively. Two critical aspects to the successful development 
of LM of Moonies are: (1) multiple material co-deposition 
by extrusion, and (2) co-firing (in the range of 1200-1280 
C) of the PZT ceramic with Cu-Ni end caps, and any re- 
quired electrode and insulator compositions, Fig. 6. This 
novel Moonie design is based on an alternate poling con- 
cept. This was developed via finite element and kinematic 
electromechanical performance modeling, that predicts twice 
the displacement compared to a design which uses a mono- 
lithic PZT disk. [16,17]. A multi-ring ceramic element, based 
on this design, has been fabricated at Rutgers via FDC, Fig. 
8. PZT made by FDC has been successfully co-fired with Pt 
at 1285°C in an excess lead atmosphere, and the electrome- 
chanical properties of the PZT/Pt structure are: a dielectric 
constant, K, of 3400, a longitudinal piezoelectric charge 
coefficient, d,., of 620 pC/N, and an electrical dissipation 
factor, tan 5, of 2%, values which are in excellent agreement 
with the literature, confirming that these LM techniques can 
fabricate high quality PZT components. Current research is 
also directed at development and optimization of co-firing 
conditions for ceramic, electrode and metal end caps for 
Moonies. 


A new type of high authority, dome-shaped actuator 
with different curvatures, diameters and thickness, is under 
development via LM processing. Unlike the conventional 
techniques used for fabrication of Rainbow actuators with a 
curved structure, this method has the advantage of precise 
control of curvature, thickness and geometry. A thermoplas- 
tic binder with moderate strength and flexibility, while main- 
taining low viscosity at the deposition temperature, was 
developed for FDC with PZT based materials. The powder 
and binder were compounded, using 60 vol. of PZT ceramic 
powder (TRS Ceramics, Inc., State College, PA), in a torque 
rheometer at 135°C and 100 rpm for one hour until a stabi- 
lized torque was reached. The compounded mix was granu- 





Figure 10 
SEM micrograph of a cut cross section of a sintered PZT 
dome actuator element fabricated by direct LM (FDC) process 





ns Or 


~_ ee 
2ekV AMRAY #8084 





Three/1998 = 331 








Figure 11 


a) SEM micrograph of a polished and etched, sintered PZT dome actuator element fabricated by direct LM. b) SEM micrograph 
of a polished and etched, sintered PZT element fabricated by conventional means. 
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lated and sieved to use as the feed material for filament ex- 
trusion. Acapillary rheometer was used for extrusion of short 
lengths (~ 30 cm) of green PZT filaments. The FDC process 
was used to manufacture dome shaped parts at a liquefier 
temperature of 145-170°C, while the surrounding environ- 
ment temperature was maintained in a range of 35-40°C. 
After binder removal and sintering a density of up to 94 % 
theoretical density was reached. Figures 7 and 9 show exte- 
rior and interior views of a dome-shaped actuator, fabricated 
by the FDC process. Examination of sintered parts using 
electron microscopy techniques showed no sign of delami- 
nation for parts made by layered manufacturing techniques, 
Fig. 10. The samples were thermally etched and their mi- 
crostructure compared well with that of samples prepared 
by conventional processing methods, Fig. 11 a and b. 





Figure 12 
Distribution of d,, across the LM dome actuator. 
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Similar to Rainbows, the dome-shaped actuators have 
shown a bending mode resonance at about 17 kHz, in addi- 
tion to radial and thickness mode resonance frequencies. The 
piezoelectric coefficient, d.., of these samples was measured 
when the samples were unclamped, using a Berlincourt Pi- 
ezometer. Even though there was a large variation of the d.,,. 
coefficient across the diameter of these structures, with a 
minimum d.. of 550 pC/N at the center of the dome, a large 
d.. of up to 1270 pC/N was measured at the edges of these 
samples, using pointed fixtures, Fig. 12. These measured 
values are comparable with values reported in the literature 
for Rainbow actuators. These samples also have shown a 
low dielectric loss (~3.5%) compared to Rainbow samples 
of the same size (8.5%). It is believed that the higher loss in 
Rainbows is due to the presence of carbon in the structure as 
a result of the reduction process. 


Piezoelectric 
Transducers and 
Sensors 


Piezoelectric transducers and sensors with novel struc- 
tures and designs have been manufactured by both the direct 
(FDC) and indirect (FDM™ and SPI) techniques. Figure 13 
shows an SEM micrograph of an oriented PZT fiber struc- 
ture made by the FDC process using a 55-vol. % PZT pow- 
der loaded filament as the feedstock, and a 406 micron nozzle 
in the liquefier. This geometry generates very large piezo- 
electric charge coefficients, due to the contribution of the d.. 
and d. coefficients. Many other fine scale PZT structures, 
including volume fraction gradient and a novel radial com- 








Figure 13 
SEM micrograph of an oriented PZT fiber structure fabricated 
by direct LM (FDC) process. 








posite design, have been fabricated for use in ultrasonic 
medical imaging and towed array transducers by the SPI in- 
direct method, Figs. 14 a and b. 


LM Computer Aided 


Design (CAD) 


These and other novel SFF processes are under devel- 
opment for high authority actuator designs that are able to 
take advantage of the flexibility provided by SFF processes 


In one Office of Naval Research Multi-Disciplinary Univer- 
sity Research Initiative program at Rutgers (with The Uni- 
versity of Delaware and the University of Illinois at Chicago), 
a new Layered Manufacturing (LM) system is under devel- 
opment. The overall objective of the MURI program is to 
establish the processing and manufacturing science required 
for the development of a novel, intelligent LM system for 
the cost effective fabrication of multiple material, net shape, 
complex shaped electromechanical components/devices and 
arrays. The specific objectives of the program are: (1) De- 
velop the necessary machine control systems, and material 
delivery systems for the deposition of one or more ceramic 
phases, one metal phase and a fugitive organic support phase 
for a given component, (2) Develop the science base for ac- 
curate process modeling and to achieve a predictive capabil- 
ity both for LM and performance of the complex components, 
and (3) Develop a system for real time control and a LM 
CAD system for advanced computer simulation of the entire 
layered manufacturing process. Figures 15 and 16 show a 
highly conceptual schematic of a single build layer of a fic- 
tional component that could be built by this new type of in- 
telligent SFF process and a conceptual schematic of the 
multiple material LM system under development. 

In currently available FDC based systems (as with most 
SFF systems), the CAD-manufacturing process is open loop 
That is, users cannot predict the quality of the part, and the 
system itself cannot verify or improve the quality of the part 
Therefore, several designs of experiments are needed to im- 
prove part quality. [5,9]. Multiple material LM refers to the 
process of fabricating a part from a three-dimensional CAD 
model, layer by layer, using more than one material per layer 
This complexity increases the chances that the open loop 





Figure 14 


a) SEM micrograph of PZT structure with volume fraction gradient fabricated by indirect LM (SPI) process. b) Polymer 
mold, PZT part, and PZT-polymer radial composite structures fabricated by the indirect LM (SPI) process. 
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Figure 15 
Schematic of multi-material LM manufacturing system. 
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processes will not fabricate high quality parts. A multi-ma- 
terial CAD model consists of several different material blocks 
connected by interphase boundaries. The LM system will be 
able to generate CAD models, sliced files, and toolpaths, as 
well as fabricate a multi-material part in the manufacturing 
process. Achievement of this goal requires the development 
of a CAD system that will perform the virtual simulation of 
the multi-material LM process. SGI OpenGL is used to run a 
LM simulation, as it provides the necessary flexibility, view- 
ing and animation tools for the designer to verify the LM 
manufacturability of the component CAD file. The multi- 
material CAD model is created using commercially avail- 
able software such as I-DEAS and ProE. Therefore, one .stl 
and one .sml file per material is generated. The terms stl 
and .sml refer to the surface tessellated object model, and 
the SFF machine tool path files, respectively. This informa- 
tion is then used as the input to the simulation algorithm, 
which systematically, layer by layer, integrates all .sml files 
into one tool path build file. This algorithm is written in C++ 


Figure 17 
Virtual LM simulation of a 2-material stacked cymbal actuator 
structure. 








computer language. The results of the multi-material tool 
path are graphically visualized. The part is stacked layer by 
layer, and there can be several domains with different mate- 
rials in each layer. Any defects or voids in each layer can be 
visualized immediately. The results of actual physically fab- 
ricated parts match with our virtual LM simulations, which 
demonstrates that the simulations provide sufficiently accu- 
rate and detailed information. Virtual tool path simulations 
of multi-material electro-mechanical components have also 
been created, Figs. 17-19. The LM simulation reduces the 
time and materials that would otherwise be wasted in manu- 
facturing inaccurate parts. 


LM Machine System 
Control 


As noted above, current FD based technology only 
supports open loop positioning and deposition control sys- 
tems. Thus, the first key step in developing the next genera- 
tion of LM technology is to close the control loop at the 





Figure 16 
Schematic of a single, multi-material, multi-functional 
component built by LM 
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Figure 18 
Virtual LM simulation of a multi-material structure. 
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Figure 19 
Multi-material structure made by direct LM (FDC) technique. 
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local machine level, so that on-line feedback on the position 
and velocity of the various axes can be used to minimize 
potential position relayed part defects, such as internal voids 
or surface roughness. In terms of trajectory planning (i.e., 
knowledge of the position and velocity of the deposition sys- 
tem as a function of time) for the positioning system, one 
should compensate for the fact that only linear interpolation 
is used with current technology. These inaccuracies in geo- 
metric representation contribute to tracking and contour er- 
rors in the positioning system, which can translate to 
over-filling or under-filling at any point in a given layer. 
Bouhal, et. al. formulated the problem of trajectory planning 
in Layered Manufacturing, subject to the constraint that the 
liquefier head must move with constant velocity as much as 
possible.[18] The main reason for this constraint is that the 
dynamics of the extrusion deposition system are not suffi- 
ciently known at this time. Any lack of synchronization be- 
tween the deposition and the positioning systems could also 
result in voids. 

The second step in improving the current technology 
is to provide an on-line process monitoring system so that 
defects are first detected and then repaired on-line in each 
given layer, prior to depositing the next layer. Current focus 
is On a machine vision based, on-line process monitoring 
and feedback system. This system is envisioned to work as 
follows. Upon the completion of the fabrication of a given 
layer, the cameras that are positioned along the same axes as 
the liquefier head take images of the layer, which is then 
analyzed through various image-processing techniques to 
detect the size, nature and position of the defect. Finally, the 
defects will be eliminated and then the machine would ad- 
vance to the next layer. 

Here, we will briefly discuss the issues that involve 
the image processing aspects of the above system. Figure 20 
illustrates an interior region of a layer of a sample of ce- 
ramic part built by the FDC process. On the image we note 


Figure 20 
Optical image of the surface of a silicon nitride sample built 
by the direct LM (FDC) process. 








a specific pattern of two thick lines (or edges) with a thinner 
line in between. Figure 21 illustrates the interior region of a 
second (different ceramic and binder) sample. In this image, 
the pattern is different with a flat surface embedded within 
boundaries that are sometimes cavities. At first glance, the 
flat surface seems to contain only a single road (material 
deposited by one pass of the extruder), but by more careful 
examination, we have determined that it actually contains 
two adjacent roads. This confirms our belief that the analy- 
sis of the image alone would be misleading, and more de- 
tailed knowledge of the process, from the parameter settings 
at the CAD level to material properties, thermal effects and 
material bonding are needed to assist the image analysis stage 
Various elements of the LM process are being modeled that 





Figure 21 
Optical image of the surface of a PZT sample built by the 
direct LM (FDC) process. 
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Figure 22 
Process signature of the image from Figure 20, of silicon 
nitride sample made by direct LM (FDC) process. 
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will yield the input data and intelligence tools to assist in 
image signature determination.[19,20] In particular, one 
should be able to define an /deal Process Signature that is 
uniquely defined by a specific LM process and material. At 
the same time, one can also define image process signatures 
from the image. Figure 22 illustrates the process signature 
for the sample in Fig. 20. The peaks in Fig. 22 signify the 
three-edge pattern, that we noted in Fig. 20. For a given layer, 
there may be several process signatures corresponding to the 
various uniform segments in that layer. In a perfect FDC 
process the ideal and the image process signatures must be 
the same within a given tolerance. Any significant differ- 
ence between these two sets of signatures will signify poten- 
tial defects in a given layer, requiring repair. 


Summary & Conclusions 


This paper presents a brief summary of recent progress 
at Rutgers in the development of novel SFF techniques for 
functional quality advanced structural, bio-ceramic, and elec- 
tronic ceramic components. For direct fabrication of ceramic 
components, green ceramic filaments of Si,.N, or PZT pow- 


der loaded thermoplastic binder were used for fabrication of 


complex ceramic structures by the FDC process, followed 
by binder removal and sintering. Parts made by FDC exhibit 
properties that are the same as those of components made by 


traditional manufacturing methods. Fused Deposition of 


Ceramics has several advantages as a prototyping and manu- 
facturing technique: (1) the technique can be used with nearly 
any ceramic, metal or composite powder, (2) the technique 
produces parts with high density and functional properties, 
etc. (3) FDC can make complex shaped components with 
fine features and complicated internal structures, and (4) the 
technique can be used with multiple materials. Fused depo- 
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sition modeling (FDM™) and Sanders Prototyping (SPI) 
methods were used to form a variety of complex shaped 
molds (some with very intricate graded internal structures) 
for the indirect (or lost mold) method of fabrication. Once 
built, the wax molds were infiltrated with a PZT, or hydroxya- 
patite ceramic slurry, followed by drying, mold and binder 
removal and sintering. One can readily see the advantages 
of manufacturing multi-material, multifunctional compo- 
nents, such as Moonie and Dome actuators, where one can 
now design and manufacture both the component as well as 
the internal macro- and microstructure for optimized perfor- 
mance. These actuators have great potential as transducers 
(sonar, vibration sensing) and actuators (motion and vibra- 
tion control, and smart skin) for Naval and other DoD plat- 
forms and systems. Current research is directed at developing 
the processing and manufacturing science needed for lay- 
ered manufacturing of multi-material, multi-functional com- 
ponents for electromechanical, as well as structural 
applications. These novel ceramic manufacturing methods 
show tremendous potential for affordable manufacturing of 
functional quality structural ceramics and piezoelectric ce- 
ramics (and composites) and bio-ceramics with freedom from 
the traditional design and manufacturing constraints. 
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Abstract 


Solid freeform fabrication of ceramics can be accom- 
plished with stereolithography by using a stereolithography 
apparatus (SLA) to build a ceramic-loaded polymer object 
from an ultraviolet (UV) curable suspension of ceramic pow- 
ders in an acrylate monomer. Objects are later sintered in a 
separate furnace to remove the polymer and densify the ce- 
ramic. Fully dense ceramics with excellent microstructure 
are achieved. Like conventionally fabricated ceramics, di- 
mensional accuracy is limited by sintering shrinkage, which 
is anisotropic but repeatable within about 0.7%. Higher re- 
fractive index materials, which scatter the UV radiation more 
strongly, require longer build times. Examples are drawn 
mostly from aluminum oxide, but are related to other ce- 
ramics. 

This research was supported by the US Office of Na- 
val Research under grant NO0014-95-1-0527, through Drs. 
S. Fishman and R. Wachter. 


Introduction 


Solid freeform fabrication (SFF) techniques provide 
two significant benefits to the engineering design cycle. First, 
layer-wise fabrication allows unique and otherwise cumber- 
some and uneconomical designs to be fabricated easily. Sec- 
ond, these designs can be fabricated directly from the 
computer-aided design (CAD) or other data file, even at re- 
mote sites, reducing design time and other costs. The time 
and cost savings using these processes in the design and 
manufacturing cycles are evident in the growth of the rapid 
prototype industry. 

Fabrication of ceramics via solid freeform fabrication 
methods has been an area of active research in the past sev- 
eral years. The ability to directly fabricate ceramic bodies 
into complex shapes without the time and expense of tool- 
ing (which can take months to procure) would be a unique 
and important advance in solid freeform fabrication tech- 
niques. Specifically, the investment casting design cycle is 
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usually longer and more costly than other manufacturing 
methods. Direct fabrication of complex molds for invest- 
ment casting items such as blades for turbine aircraft en- 
gines by ceramic SLA without tooling can lead to significant 
cost savings. In addition, adapting stereolithography (SL) to 
produce ceramics offers access to a large, experienced mar- 
ket as a potential user base. To this end, this work aims to 
provide an overview of the advances made in directly pro- 
ducing ceramics in a commercially available 
stereolithography apparatus (SLA 250/40, Systems, Valencia, 
CA). 

The stereolithography process is based upon 
photopolymerization of a liquid monomer mixture which, 
when irradiated with an ultraviolet laser, rapidly polymer- 
izes to form a solid polymer gel. The first step is curing a 
cross section by drawing the cross section on the surface of 
the resin with the laser (the part is attached to a platform 
beneath the surface of the resin by supports). Second, the 
elevator platform dips into the liquid resin a finite distance 
allowing the liquid resin to flow over the cured portion of 
the part. A doctor blade sweeps over the part, leaving a layer 
of fresh resin that becomes the next cured layer as the laser 
draws the next cross section. Repeating these steps builds 
up the three-dimensional part. 

Formulating a photocurable ceramic suspension for use 
in the SLA extends the stereolithography technique. The ce- 
ramic suspension consists of fine, alumina powder (Reynolds 
RC-HC DBM, Malakoff Ind., Malakoff, TX; 0.5 um mean 
particle size) suspended in a mixture of acrylate monomers. 
Addition of a dispersant allows a stable colloidal suspension 
of at least 50 vol% alumina to be formulated. This suspen- 
sion has a viscosity of about 200 mPa*s at a shear rate of 
100 s'. The low viscosity allows the resin to self-level dur- 
ing fabrication, keeping the top surface very smooth. The 
suspension is rendered photocurable by addition of a 
photoinitiator. As the laser traces the part in the resin, the 
monomer polymerizes and forms a gel that becomes a poly- 
mer binder holding the ceramic particles together. After the 
part is completed in the SLA, the green ceramic body is 
slowly heated to 500°C to remove the polymerized binder 
and then sintered to full density at {580°C [1,2,3]. The binder 
removal and sintering steps are traditional methods for pow- 
der-processed ceramics. 


Fabrication of Ceramics 


Several ceramic parts have been fabricated in the SLA 
using the alumina resin. These parts are shown together in 
Figure 1. They represent a wide range of complexity and 
size and serve to illustrate how the SL process can create 
various shapes in ceramics. These parts are: 1) an 8.5X life 
size replica of a human trabecular bone (Cerbone), 2) a 
uniquely designed 3D object displaying “UofM” on one face 
and “ONR” on the opposite face (UM-ONR), 3) a block let- 
ter M (BlockM) and 4) a mechanical testing specimen 
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Figure 1 

Collection of various ceramic parts fabricated via 
Stereolithography. The larger copies are as-built and the 
smaller copies are sintered. 





25mm 





(Theta). The Theta part and Block M are quite simple, and 
used to determine the accuracy of the process. Because of its 
complex shape, the UM-ONR object cannot be produced by 
conventional molding techniques. The trabecular bone model 
is another excellent example of an object that could not oth- 
erwise be fabricated, as it is acomplex random structure with 
interconnected solid and void phases. Table | lists relevant 
data for each part regarding size, build time and sintering 
daia. 

The surface finish of the as-built and sintered parts is 
excellent. As seen in a close-up view of the UM-ONR part 
in Figure 2, the top surface has a shiny appearance and the 
side edges have a scalloped appearance. The scalloping is 
due to layer by layer build up. Close inspection of the center 
rod in Figure 3 shows more evidence of the stair-stepping 
that occurs as the cylinder is approximated by a series of 
slabs of finite thickness. 

On average, the parts exhibited sintering shrinkage of 
16.5% in the build-plane and 21.8% in the build direction. 





Table 1 
Data on various ceramic parts fabricated by Stereolithography. 








Volume, Surface Build  AZZ,% 


cm’? Area,cm’ time, hrs 





93.9 I 21.8% 
22.4% 


21.1% 




















Figure 2 
Close-up top view of as-built UM-ONR part. Note the smooth 
upfacing surface and scalloped sides. 








The anisotropy reflects the layered processing route and is 
similar to what is seen in tape-cast materials. The weight 
loss is within +0.2% of the expected value according to the 
suspension composition. Thermogravimetric data also con- 
firms this result. 

The alumina parts were sintered to about 95% theo- 
retical density. Bonding between the layers was observed to 
be excellent and no trace of layering could be found in frac- 
ture surfaces. However, imperfect laminations were local- 


ized near the edges emanating from the surface scalloping. 
Another important property of the finished parts is the 
smoothness of the upfacing surfaces. This smoothness is due 
to the fact that the final surface is as smooth as the resin can 
self level. Profilometry scans shown in Figure 4 illustrate 
the difference in roughness between the surface and sides. 


The calculated RMS roughness of the upfacing surface is 
4.0 um and the roughness of the scalloped side surfaces is 
27.5 um. 


Scattering 


As the laser scans across the surface of the resin, a 
region of resin is polymerized. The cure depth of this region 
is given by the equation [4] 


(1) 


where resin parameters D and E are depth of penetration 
and critical exposure dose respectively and E is the average 
exposure dose supplied by the laser. This equation was de- 
veloped assuming the Beer-Lambert behavior for absorption. 
For typical stereolithography resins, attenuation of the UV 
radiation intensity occurs almost entirely by absorption. In 
the photocurable ceramic suspensions used in this work, scat- 
tering contributes significantly to the UV radiation intensity 
attenuation in addition to absorption. It turns out equation | 
also describes the cure depth-exposure dose relationship for 
photocurable ceramic suspensions [1,3]. Semi-log plots 
showing the cure depth as a function of exposure dose for a 
variety of suspensions with different depths of penetrations 
are shown in Figure 5. 

While the alumina particles are transparent to UV and 
therefore do not increase absorption over that of the 
photocurable liquid medium, they do serve as scattering cen- 
ters. The effect of this scattering is reflected in the resin pa- 
rameter D and is given by [5] 





Figure 3 
Close-up oblique side view of as-built UM-ONR part. Note 
the stairstepping effect on the center rod. 





Figure 4 
Profilometer scan of side and upfacing surface of an as-built 
part. Solid line: side scan. Dotted line: upfacing surface scan. 
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Figure 5 
Plot of cure depth as a function of exposure dose for resins 
with different scattering efficiencies (1/An*). 
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where d is the average particle size, Q is the scattering effi- 
ciency, @ is the volume fraction of solids, n, is the index of 
refraction of the liquid medium and An = (n,-n_) where n_, is 
the index of refraction of the ceramic particles. As a result, 
the difference in index of refraction between the alumina 
particles (mn =1.7) and the monomer mixture (n,=1.45 to 1.51) 
strongly influences D_, and consequently, the cure depth at a 
given exposure dose. Figure 7 confirms the relationship by 
showing the linear proportionality between D and 1/An ’ 
(data from Figure 6). j 





Figure 6 
Plot of penetration depth for resins with different scattering 
efficiencies (1/An*). 
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Build Time 


Although the parts shown in Figure | are relatively 
small, the build times are much higher than they would be 
for typical SL parts. This is mostly due to the low D and 
high E_ of the ceramic resin compared to traditional SL ep- 
oxy resin. Identification and quantification of the factors that 
influence the build time for a given part are essential to re- 
duce the build time. Combining equation | and other ma- 
chine parameters [2], the time to build a given shape can be 
approximated [4] as 

- n° W.' E- \f Vs \ { C4 | 

ope Az) \ De) @) 
where n is the number of layers in the part, W, is the beam 
radius, P is the laser power, / is the hatch spacing, V_is the 
volume of the part and z is the height of the part in the build 
direction. This equation clearly illustrates the influence of 
part parameters (n, V , z), machine parameters (W,, P), build 
style parameters (C,, 1) and resin parameters (D_, E ) on the 
time to build a given part. 





Figure 7 

Comparison between actual, calculated (equation 3) and 
simulated (Ref. 5) build times for various ceramic parts built 
by SLA. 
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This calculation was used to estimate the build times 
for each part. The results are compared to a more rigorous 
build time estimation program{5] that takes information from 
actual prepared and sliced build files to simulate the build 
time. The results shown in Figure 7 compare the calculated 
and simulated build times. The agreement is quite good for 
all parts, despite the variety of size and complexity. These 
results indicate Equation 3 is accurate enough to estimate 
the time to build a single part. 

As an illustration, the build time for the Cerbone part 
was calculated as a function of laser power. This data is shown 
in Figure 8. The nominal laser power of 25-30 mW was used 
to build the parts in this study. However, there are other, more 
powerful UV lasers for use in stereolithography, which have 
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powers of up to and exceeding 200 mW. So, if a 200 mW 
laser was used, the build time for the Cerbone part would be 
reduced from 40 hours to about 10 hours. 


Conclusions 


Highly loaded ceramic suspensions have been devel- 
oped to produce ceramic parts via stereolithography. A vari- 
ety of alumina parts have been successfully fabricated 
possessing excellent microstructures and very smooth sur- 
faces. The ceramic particles in suspension serve to scatter 
the UV radiation. The effects of scattering can be understood 
by a modified Beer-Lambert law and are incorporated into 
the resin parameters, D_ and E . Furthermore, the effects of 
the different resin parameters on the build time for a part can 
also be accurately quantified. 
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Abstract 


This paper describes a new multilayer solid freeform 
fabrication process (“Direct Photo Shaping”) where visible 
digital light projection is used as a maskless tool to build 
images on photocurable ceramic dispersions (ceramic pow- 
ders in photopolymerizable liquid monomers) by flood ex- 
posure. For each layer the projected image is changed 
according to the CAD data describing the object being built 
and solidification takes place by photocuring of the exposed 
areas. Multiple layers are dispensed and photocured to fabri- 
cate the object of interest. A final rinse with a suitable sol- 
vent allows the removal of any uncured ceramic dispersion. 
The porous free formed “green” ceramic object can then be 
fired and sintered into a highly dense ceramic part. This 
ceramic forming process is based on visible-light photo 
gelcasting. The photocurable ceramic dispersion is prepared 
from a mixture of ceramic powder and organic monomers 
containing a visible light photoinitiator. Upon photoexposure 
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the monomers solidify into a polymer thus forming a gelcast 
green body. Digital Light Processing™ technology (devel- 
oped by Texas Instruments) enables us to project digital, high 
resolution, high brightness, high contrast visible light to 
photocure and form components with a good degree of ac- 
curacy. In this paper Direct Photo Shaping is applied to the 
fabrication of ceramic gas turbine components for military 
and commercial applications. Silicon nitride specimens with 
flexural strengths in excess of 1 GPa were fabricated by Di- 
rect Photo Shaping. A first-stage silicon nitride turbine vane 
for the Allison Model 501K industrial gas turbine was fabri- 
cated by Direct Photo Shaping and tested in a gas-burner 
test rig at 1204°C. 


Introduction 


The main advantage of desktop manufacturing is the 
ability to move directly from the design stage on the work- 
station screen to a physical model, without having to wait 





for a machine shop to set up a machine tool to custom-build 
the model; thus, this approach gives unprecedented power 
and flexibility to system level designers. By allowing the 
system level designer to produce an instant functional pro- 
totype, desktop manufacturing promises to slash the design 
cycle time for many applications, thus helping to bring a 
product from design to production to marketplace faster and 
more cheaply. In addition, the ability to generate models 
easily will enable designers to experiment, trying out a vari- 
ety of design options and comparing them side by side. 

Rapid prototyping was initially applied to the fabrica- 
tion of nonstructural materials by means of computer-aided 
design/computer-aided manufacturing (CAD/CAM) technol- 
ogy, wherein computer files descriptive of the object were 
used to create parts made from materials such as UV-curable 
polymers. The components fabricated in this fashion were 
considered nonfunctional, and their main application was for 
iterative design evaluation. During the past few years there 
has been an increasing demand to extend rapid prototyping 
technology to the fabrication of functional components with 
engineering properties and dimensional tolerances compa- 
rable to those of conventionally produced components. To- 
day the promise is that advanced solid freeform fabrication 
(SFF) manufacturing technology will allow the fabrication 
of functional prototypes from advanced ceramic, metallic, 
and multiphase materials for structural and electronic appli- 
cations. The SFF approach to net shape forming holds great 
promise for rapid prototyping of ceramic components through 
simplification of the processing cycle, including the elimi- 
nation of the time consuming steps of pattern making and 
mold fabrication. SFF of ceramics will allow fast turnaround 
design validation of new advanced ceramic components for 
gas turbine engines. In comparison with conventional spark 
ignition engines, gas turbine engines offer greater fuel effi- 
ciency, lower particulate levels, and multiple fuel capability. 
Turbine engine technology is critical not only to maintain- 
ing US military superiority but also to continuing commer- 
cial prominence in the aviation, marine and industrial sectors. 

Selective laser sintering [1], 3-D ink jet printing [2], 
laser stereolithography [3], fused deposition [4] and layer 
object manufacturing [5] are examples of rapid prototyping 
processes applied so far to the fabrication of ceramic com- 
ponents. 


Direct Photo Shaping 


At SRI we have developed a new multilayer fabrica- 
tion process called Direct Photo Shaping [6]. The process is 
based on the layer-by-layer photocuring of polymerizable 
compositions curable by visible light. Each layer is selec- 
tively photoimaged by digital light projection via a Digital 
Micromirror Device (DMD) array that performs the func- 
tion of an electronic maskless tool. While Direct Photo Shap- 


ing promises to be generally applied to the fabrication of 
polymer, ceramic or metal components, the focus of this paper 
is to describe its application to ceramics. 

We refer to the Direct Photo Shaping ceramic forming 
process as photogelcasting, since the “green body”! is formed 
by photocuring of a slurry of the ceramic powder in a solu- 
tion of photopolymerizable monomers. Photogelcasting 
closely relates to the gelcasting process [7] which is used for 
forming ceramics from molds and has been shown to pro- 
duce complex-shaped, near-net-shape parts with high reli- 
ability. While in gelcasting a thermal initiator is used to 
promote polymerization upon heating, in photogelcasting the 
polymerizable ceramic slurries are cured by exposure to ra- 
diation in the presence of a photoinitiator. As in the 
gelcasting process, the formed green bodies are generally 
strong and machinable, and after sintering, highly dense ce- 
ramic parts are obtained. The potential advantages and en- 
hancements offered by Direct Photo Shaping, relative to other 
rapid prototyping processes, are described in the next sec- 
tion. 


Process Description 


The Direct Photo Shaping process is described in Fig- 
ure 1. CAD slice images are projected on the photocurable 
composition which is dispensed and leveled on a build plat- 
form. Each layer is photoimaged by digital light projection 
through a digital micromirror array which modulates the 
image with a switching time of less than | msec. After each 
exposure, a new layer of photopolymerizable dispersion is 
applied on the build platform. When the fabrication is com- 
plete, the formed ceramic green part is removed from the 
platform and rinsed with a suitable solvent to dislodge any 





Figure 1 
Schematic representation of the Direct Photo Shaping 
process. 
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‘Green body refers to the formed porous ceramic part before densification. 
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uncured material. The final ceramic part is obtained after 
binder removal and sintering. 

The machine operates in a three-step cycle described 
as follows (see Fig.1). 

Step 1: Apply Slurry. The ceramic slurry is dispensed 
on the build table by means of a peristaltic pump and uni- 
formly applied as a thin layer by a doctor blade. Typically, a 
layer thickness of 2 mil with a control of +/- 0.5 mil is used. 
Thicker layers may be fabricated and the layer thickness can 
be adaptively controlled. 

Step 2: Photoexpose. The layer is shaped into the 
desired cross section profile by digital light projection of 
visible light (the light source is a 270 watt metal halide lamp). 
The exposure time, which is material dependent, is typically 
15 seconds or lower. 

Step 3: Lower Platform. The photoexposed portion 
of the layer is cured into a solid film. The platform is then 
moved to a lower position and a new layer fabrication cycle 
Starts. 

The size of the working area is determined by the light 
projection settings, thus the light can be projected on smaller 
or larger areas as desired. To optimize resolution, light pro- 
jection on a small area is desirable. Our current system typi- 
cally operates on a projected area of 6 x 8 inches down to 
2 x 3 inches. 


The process makes use of compositions photocurable 


by visible light. This allows us to achieve good depth of 
cure especially for highly filled compositions such as ce- 
ramic slurries [8]. Other advantages of Direct Photo Shap- 
ing include: 

¢ Fast build time because each layer is shaped by flood 
exposure, thus curing the entire profile at once (unlike the 
case with a scanning laser); typically for making silicon ni- 
tride components, each layer is dispensed and imaged in less 
than 45 seconds. On the other hand the dispensing and im- 
aging of other ceramics, such as alumina, may take as low as 
ten seconds. 

¢ Minimum number of steps (no postprocessing af- 
ter the fabrication of each layer is needed). 

¢ Low cost. 

¢ High resolution (each pixel is a 16-,4m-square mir- 
ror and DMD arrays with resolution of 1280x1024 and a fill 
factor of about 90% are available [9)]). 

Moreover, the use of digital light projection to 
photocure the ceramic layer offers additional capabilities not 
available with the traditional laser scanning systems. The 
DMD.-array can be used to project gray images, and the in- 
tensity of the gray can be modulated to control light trans- 
mission. We expect that the control of the gray scale (i.e, 
controlled radiation dose) may be used to improve accuracy 
and surface finish, for example by generating curved layers. 
Positional control of the photocuring rate allows one to 





Figure 2 


(a) DMD optical switching principle. (b) Operating DMD arrays. 
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change physical properties in a positional manner and to 
minimize stresses developed during curing, as well as to 
generate a robust self-support structure by partial cure of the 
slurry surrounding the part being built. 


DMD Array - A Maskless 
Imaging Tool 


Digital Light Processing by means of digital 
micromirror devices is a new light projection technology 
developed by Texas Instruments [9]. Digital micromirror 
arrays are constituted by digital light switches, aluminum 
mirrors, 16 Um square, that precisely control and modulate 
light. The DMD array is interfaced with a suitable light 
source and optics, and each pixel mirror is electronically 
controlled to reflect the incident light in or out of the projec- 
tion area. Figures 2a and 2b illustrate DMD arrays and their 
optical switching mode. Because DMD is a reflective digi- 
tal light switch, its optical efficiency - 62% - is more than 
ten times higher than that of a liquid crystal display light 
transmitting pixel (about 5%). This makes DMD arrays a 
superior tool for maskless imaging of photocurable compo- 
sitions. Previous attempts of using a LCD programmable 
mask in combination with UV light to photocure polymers 
were not successful because of the poor stability of liquid 
crystal polymers to UV radiation [10] 


Photocurable Composition 


We have developed ceramic photocurable composi- 
tions that are photoactive in the visible region. This allows 
us to readily interface the chemistry with the DMD technol- 


ogy and to obtain better depth of curing for the ceramic filled 
compositions. 

Our photocurable compositions contain photoactive 
monomers, a suitable photoinitiator, a dispersant and the 
ceramic powder. The ceramic content typically varies from 
45 % to 55% on a volume basis. Ceramic slurries are pre- 
pared by ball-milling the silicon nitride powder in the 
photocurable monomers, after addition of a suitable dispers- 
ant, a solvenv/plasticizer and the photoinitiator. Ceramic slur- 
ries with viscosity of 10,000 cps or less are generally used. 

The ceramic slurry composition is optimized to im- 
prove interlayer adhesion and eliminate any possible delami- 
nation during debinderization (see below). This is achieved 
by reducing the layer stiffness and by using additives to pro- 
duce a tacky top layer. 


Fabrication and Testing 
of Silicon Nitride 
Specimens 


Silicon nitride ceramics are of great commercial and 
military interest because of their excellent mechanical prop- 
erties, good oxidation resistance and thermal shock behav- 
ior both at room and high temperatures. 

Silicon nitride specimens of a simple tile shape 
(3” x 3”x 0.25”) were formed from NCX-5102? silicon ni- 
tride according to three different methods to compare their 
mechanical properties and to validate the Direct Photo Shap- 
ing process. Tile specimens were prepared by (1) Direct Photo 
Shaping, (2) gel casting in a mold, and (3) powder dry press- 
ing. 





Figure 3 


Representative microstructures of silicon nitride samples fabricated by (a) Direct Photo Shaping, and (2) dry powder uniaxial 


pressing. 








? NCX-5102 refers to a high performance silicon nitride powder processed by Saint-Gobain Industrial Ceramics (Northboro, MA) 
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Table 1 


Summary of Mechanical Property Data for Tiles Formed by Uniaxial Pressing, Thermal Gelation and Direct Photo Shaping 








Sample | Forming 


method 


Density 
(g/cc) 


Hardness 
(GPa) 


Kic 
(MPa Vm) 


Modulus of Rupture 


(MPa) 


Weibull 
parameters 





Indent} Indent 3x4x50 


1.5x2x n 


Fracture mm 25 mm 





Press 4.0 


5.9 937 30 





Press 4.0 


976 30 
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Notes 


1. Specimens e¢ and f were cut from the same sample 


direction was parallel to the long dimension of the specimen. 


Specimens e were cut so that the casting planes were parallel to specimen 
faces; specimens f were cut so that the casting planes were perpendicular to the specimen faces 


In both cases the lamination 


2. Some sample properties were not determined because of insufficient number of specimens 





After binder removal, the samples were initially 
presintered to improve their handling strength and then den- 
sified by HIPing using glass encapsulation. After HIPing 
the samples were >98% dense, as shown in Table |, and no 
evidence of the original layers was observed by SEM ex- 
amination of cross-sectional surfaces of the SFF tiles. 
Samples for microstructural evaluation were prepared by 
polishing fracture surfaces and then plasma etching using a 
95% CF /S% O, carrier gas [11]. This etching technique 
removes the SiN, and effectively marks the Si,N, grain 
boundaries. Figure 3 shows representative etched surfaces 
for a sample prepared by the SFF method and for a tile formed 
by dry pressing. Both samples show a pronounced bimodal 
distribution of grain sizes and as is typical of in situ  rein- 
forced Si,N,, show a pronounced acicular microstructure. 

Table | summarizes the mechanical property data for 
tiles formed according to the three different methods. Speci- 
mens for flexure testing were machined either to 1.5 mm x 
2 mm x 25 mm or 3 mm x 4 mm x 50 mm size. Flexure 
strength was measured by four-point bending in accordance 
with ASTM method C1161 [12]. Hardness was measured 
with a Vickers diamond indenter at a load of 0.5 kg [12]. 
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Fracture toughness was measured by both the indentation 
method and the controlled flaw method [12]. Sintered den- 
sities were measured in deionized water using the Archimedes 
method [12]. 

The mold gelcast samples showed lower densities and 
strengths than the dry pressed and layered samples; this was 
attributed to slight differences in the HIPing cycles which 
were used for these samples. The sample formed by Direct 
Photo Shaping showed similar properties to the dry pressed 
samples with modulus of rupture (MOR) values slightly in 
excess of | GPa. The flexure strengths for the layered tiles 
were not dependent on the orientation relative to the casting 
direction. Fracture toughness measured by Vickers indenta- 
tion was 4.0 MPa m'” for the dry pressed samples and 
4.5 MPa m" for the solid freeform sample. Fracture tough- 
ness as measured by controlled indentation was slightly 
higher, as is typically observed, and was comparable to val- 
ues previously reported on optimized slip cast material of 
the same composition [7]. 





Fabrication of Complex 
Shape Silicon Nitride 
Components 


A first-stage silicon nitride turbine vane for the Allison 
Model 501K industrial gas turbine was fabricated by Direct 
Photo Shaping. The component, which is approximately 
40 mm high with a chord length of 34 mm, was chosen to 
demonstrate the feasibility of the Direct Photo Shaping pro- 
cess to build complex geometry components. Three vanes 
were built at the same time on our build platform. The vanes 
were fabricated from 523 layers, each 50 um thick. This 
layer thickness was found optimal to ensure good interlayer 
adhesion and to generate smooth curved layers. The total 
time required for the fabrication of the three green vanes 
was about seven hours, thus just over two hours per vane. 

After binder removal, the silicon nitride vanes were 
densified to more than 98% theoretical density by HIPing. 
The vanes were approximately 20% linearly undersized due 
to the shrinkage during the densification process. Figure 4 
illustrates a green silicon nitride turbine vane sample next to 
a sintered one. 





Figure 4 
“Green” (left) and sintered (right) silicon nitride turbine vanes. 








One silicon nitride vane was evaluated in a gas-fired 
burner test rig and subjected to a total of 20 thermal cycles at 
an average gas temperature of 1204°C. Nondestructive in- 
spection of the component after testing was performed by 
fluorescent penetrant inspection and real-time microfocus 
X-radiography. As indicated in Figure 5, no cracks or de- 
fects were found on the part after the test. 





Figure 5 
Microfocus x-ray photographs of silicon nitride vane after 
testing at 1204°C. 


\ (A 


Conclusions and 
Outlook 


We have presented a new multilayer solid freeform 
fabrication process, Direct Photo Shaping, where visible digi- 
tal light projection is used as a maskless tool to photocure 
cross sections from CAD data. We have described the appli- 
cation of this process to the fabrication of silicon nitride ce- 
ramic components. Tile specimens (3"x3"x0.25”) were found 
to be more than 98% dense and to have flexure strengths 
slightly in excess of 1 GPa and comparable mechanical prop- 
erties to those of tiles formed by conventional powder pro- 
cessing techniques 








Silicon nitride turbine vanes were 
fabricated and validated for their mechanical properties by 
subjecting them to repeated thermal cycling at 1204°C. While 
Direct Photo Shaping has been here described for the fabri- 
cation of silicon nitride components, the process has been 
shown to be feasible for the fabrication of other ceramic (e.g, 
alumina), polymer and metal parts 

Direct Photo Shaping is a low cost solid freeform fab- 
rication process based on inexpensive visible light projec- 
tion through a digital micromirror array used as a maskless 
tool. Because the photocuring takes place by flood expo- 
sure, the build time for each layer is fast, a minimum num- 
ber of steps are required and good resolution is achievable. 

Direct Photo Shaping is a flexible fabrication tool 
which allows us to dispense materials with positional and 
compositional control and to fabricate functionally gradient 
materials, microcellular materials, and in general materials 
with controlled microstructure. The added feature of pro- 
jecting gray scale light by Direct Photo Shaping further al- 
lows us to control the radiation dose in a positional fashion 
for improved accuracy and surface finish. We are currently 
applying Direct Photo Shaping to the fabrication of meso 
and micro mechanical and electromechanical devices con- 
taining multiple ceramic/polymer/metal interfaces. 
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Abstract 


Structural ceramic materials are finding growing use 
in a wide range of applications, particularly advanced power 
generation and propulsion systems. Yet, applications of ce- 
ramics are being limited by the very properties that make 
them desirable, high temperature stability and high hardness 
Conventional forming techniques are severely tested by 
materials that do not melt, are harder than tool bits, and are 
not ductile. Even techniques specifically devised for form- 
ing ceramics, such as hot isostatic pressing, have strong limi- 
tations. Gas phase Solid Freeform Fabrication (SFF) 
technologies offer the potential to form complex shapes from 
ceramics and other materials without the restrictions of con- 
ventional forming techniques. 

Two similar yet distinct gas phase SFF techniques are 
being investigated as well as a related spinoff technology 
that complements both SFF and conventional forming tech- 
niques. The techniques are Selective Area Laser Deposition 


(SALD), SALD-Vapor Infiltration (SALDVI), and SALD 
Joining. The common thread linking the techniques is the 
use of a laser to create a localized reaction zone which de- 
composes a reactant gas to deposit material in a spatially 
controlled manner 

Development and control of gas phase SFF techniques, 
including shape, composition, and material properties, re- 
quires an understanding of the governing physical processes 
This paper begins with a description of the underlying physi- 
cal processes of thermodynamics, kinetics, and heat / mass 
transport and then shows the experimental effects of these 
processes. The goals and continuing development of gas 
phase SFF technology are discussed in light of the govern- 
ing physical process and experimental results. 


Introduction 


The advantages of structural ceramic materials in high 
temperature, high wear, corroding environments such as gas 
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turbines and jet engines in warships and aircraft have been 
widely reported'*. Application of the high temperature sta- 
bility and high hardness properties of ceramics have often 
been limited by the difficulty these properties present in form- 
ing operations. Gas phase Solid Free-Form Fabrication (SFF) 
techniques are being developed as alternative shape forming 
technologies for ceramics*'’. These approaches are also rel- 
evant to metals. 

SFF techniques in general view complex three-dimen- 
sional shapes as being built of thin, two-dimensional layers. 
The shape forming strategy of SFF is to add a thin layer of 
defined contour to previously formed layers of the same or 
different contour, thus building up a fully three-dimensional 
shape. A wide range of techniques has been developed fol- 
lowing this method. Several of these techniques are proving 
commercially successful, especially for complex shapes made 
from polymers. Significant work has also been done by many 
groups on SFF of metals and ceramics''. Most of the ap- 
proaches to ceramics have been targeted at making “green” 
shapes, that is parts with high porosity that are densified in 
post-SFF processing by firing and/or pressing as is done in 
conventional ceramic forming. Unfortunately, such post- 
processing may void many of the advantages of SFF because 
of problems with shape retention due to non-uniform shrink- 
age during densification. 

Gas phase SFF techniques seek to avoid most, if not 
all, of the post processing steps currently necessary for form- 
ing ceramics. Gas phase SFF approaches differ from most 
other techniques in that layers are formed as a result of a 
chemical reaction rather than a phase change such as solidi- 
fication. The governing processes involved are therefore 
different, creating significant flexibility. For example, typi- 
cal post processing for silicon carbide requires firing tem- 
peratures of ~1500°C for several hours, while deposition of 
bulk amounts of dense silicon carbide from a decomposition 
reaction is possible at ~1000°C. Thus gas phase approaches 
offer unique routes to fabricate difficult to form materials. 

Three gas phase SFF techniques are described in this 
paper: Selective Area Laser Deposition (SALD), SALD- 
Vapor Infiltration (SALDVI), and SALD Joining. In all three 
techniques, material is deposited in a localized, laser heated 
reaction zone in which decomposition of a reactant gas oc- 
curs. Figure | explains each of the three techniques. Initial 
efforts were carried out at the University of Texas at Aus- 
tin**. More recent research has been done at the University 
of Connecticut. 


Physical and Chemical 
Factors in SALD 


SALD techniques are controlled by a number of physi- 
cal and chemical factors that are heavily interrelated. In or- 
der to understand SALD, not only must each contributing 
factor be understood by itself, but the connections among 
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Figure 1 

SALD, SALDVI, and SALD Joining. a) SALD - A scanning 
laser beam creates a localized reaction zone on a substrate. 
Within the reaction zone, a reactant gas decomposes to 
produce a solid deposit. The part is built up by repeated 
scanning of the beam in a controlled pattern. b) SALDVI - 
Similar to SALD except that the substrate is a porous powder 
bed into which material is deposited to create a dense layer. 
The part is built up by spreading a fresh layer of powder and 
repeating the scanning. c) SALD Joining - Similar to SALD 
except that the substrates are the two parts to be joined. The 
material deposited from decomposition of the reactant gas 
serves as the filler material. 
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the factors must also be understood. The properties of SALD 
deposits and the associated determining factors are listed in 
Table 1. 

For the purposes of discussion in this paper, the fac- 
tors have been grouped into three areas: heat transport, mass 








Table 1 
Relationship between SALD Properties and Physical and 
Chemical Processing Factors 








SALD Property 
Composition 


Determining Factor 





Reactant Gas Composition 
Thermodynamics 
Chemical Kinetics 
Temperature 

Species Deposition Rate 
Chemical Kinetics 
Temperature 

Diffusion 





Deposition Rate 


Convection 

Species Deposition Rate 
Temperature Distribution 
Diffusion 

Convection 





Microstructure and Morphology 





Electrical and Mechanical Properties Composition 
Microstructure 
Morphology 
Interlayer Bonding 

















transport, and chemical reactions. This grouping scheme is 
far from ideal because of the high level of interconnectedness 
among groups, but the scheme does provide an overview of 
the salient factors. The groupings are also useful in evaluat- 
ing the effects of changes in the controllable process param- 
eters as summarized in Table 2. Each of the groups is 
described briefly in the following sub-sections. 





Table 2 
Externally Controllable SALD Parameters and the Associated 
Affected Physical and Chemical Factors 








Externally Controllable SALD Parameter 
Reactant Gas Mixture Heat Transport 
e Composition ° 


Affected Factors 





Absorption of Laser Wavelength 
e Pressure e Gas Thermal Conductivity 
Mass Transport 

e Diffusion Rates 

e Convection Effects 
Chemical Reactions 

e Thermodynamics 


e Kinetics 





Laser Beam Properties Heat Transport 


© Power e Heat Flux Intensity 
e Intensity Distribution e Heat Flux Distribution 
e Wavelength . 


e@ Spot Size/Shape . 


Absorption of Laser Wavelength 
Reflection, Absorption, Transmission 
Mass Transport 

e 1-D vs. 3-D Diffusion 

e Temperature Gradient Driven Flow 
Chemical Reactions 

e Rates 

e By-products 

e Potential Photolytic Reactions 








Laser Beam Scanning 
© Speed 
e Pattern 





Heat Transport 

¢ Transient Effects 

¢ Boundary Conditions 
Mass Transport 

¢ Boundary Layers 

e Diffusion Distances 











Heat Transport in SALD 


The effects of the temperature distribution caused by 
a laser beam directed incident to a substrate are key to un- 
derstanding SALD. The temperature distribution underlies 
the occurrence and extent of chemical reactions and con- 
trols convection in the reactant gases. As a result, the com- 
position, morphology, microstructure, and deposition rate of 
SALD deposits are directly linked to heat transport. 

In many conventional thermal processing operations, 
the part being manufactured is isothermal for time periods 
of hours. In SALD, temperatures can vary from more than 
1500°C to room temperature over fractions of a millimeter 
and change over that range in seconds. This variation in 
temperature is inherent and essential to the process for spa- 
tial selectivity. Therefore it is clear that an understanding of 
the determining factors of the temperature distribution is 
necessary. Existing models of laser induced temperature 
distributions are being enhanced using a finite element ap- 
proach for use in SALD process planning, incorporating sub- 
strate and reactant gas properties. 


e 


Mass Transport in SALD 


Mass transport in SALD involves the motion of reac- 
tant gas molecules into the localized reaction zone created 
by the laser and the motion out of that zone of by-product 
gases. Diffusion in and out of a small localized reaction 
zone has been modeled using a range of techniques"’. All of 
the techniques emphasize the difference between one-dimen- 
sional mass transport seen in conventional wide area chemi- 
cal vapor deposition (CVD) and the three-dimensional mass 
transport occurring in highly localized processes such as 
SALD. In conventional CVD, reactions occur throughout 
an entire plane of deposition. This means that mass trans- 
port that is uniform over the plane can only occur perpen- 
dicular to the plane and thus in only one dimension. SALD 
reactions occur only in a small, localized area, so mass trans- 
port can occur over a fully 3-D hemisphere. 

The three-dimensional effect occurs when the reaction 
zone size is of the same order as the characteristic diffusion 
distance of the reactants. A 1000-fold increase in deposition 
rates is seen for localized processes such as SALD in com- 
parison to conventional chemical vapor deposition. This 
phenomenon is attributed to the difference between the 3-D 
mass transport in localized deposition and the 1-D, wide- 
area mass transport of conventional CVD. 


Chemical Reactions in SALD 


Chemical reactions in SALD are viewed in two terms, 
reaction kinetics and thermodynamics. Kinetics describe the 
rate at which various reactions occur to deposit material from 
the reactant gas. Kinetic calculations are applicable over a 
wide range of SALD conditions. Unfortunately, reliable ki- 
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netic data is not widely available, especially for the reactant 
gases used in SALD. Kinetic data can also be difficult to 
obtain experimentally. For that reason, thermodynamic equi- 
librium calculations are often used in modeling SALD reac- 
tions. Thermodynamic data is much more widely available 
than kinetic data, but thermodynamic calculations are lim- 
ited by an equilibrium assumption and do not convey depo- 
sition rates. Equilibrium may be reached in all, part, or none 
of the SALD reaction zone depending on the temperature 
distribution. Therefore, thermodynamic equilibrium calcu- 
lations can only provide a limit on the potential reactions 
occurring. 

Equilibrium calculations for SALD are carried out to 
create “deposition maps” which show potential solid phases 
as a function of the externally controllable parameters of tem- 
perature and gas mixture. Figure 2 shows an example depo- 
sition map. The deposition maps are useful in planning 
strategies for depositing various materials such as pure ma- 
terials and composites. Their usefulness has been verified 
in reducing excess carbon in silicon carbide deposits by the 
addition of hydrogen and in varying the fraction of silicon 
nitride in silicon nitride-silicon carbide composites 





Figure 2 

Deposition Map for Tetramethylsilane (TMS) (Si(CH,), - 
Ammonia (NH,) System showing the regions for which various 
deposits are expected. Calculated using CET89". 





2000 T 


. 


r Silicon Carbide + Carbon 


1500 San, Carer 
Silicon Nitride | Silicon Carbide+ 


1000 + + Carbon Silicon Nitride+ 


= ~ ' Carbon 
soo | SiconNae | 


Tt 1 


Temperature (K) 








01 02 03 04 05 06 07 O8 O89 
Pressure TMS / Pressure (TMS+N H3) 





Experimental Kesults 


SALD Results 


Deposition by SALD has been demonstrated for a num- 
ber of oxide and non-oxide ceramics as shown in Table 3. 
Both pure compounds and composites have been formed. 
SALD processes are not limited to the compounds listed in 
Table 3. Other SALD researchers have reported deposition 
of additional ceramics and metals'*'*. Additionally, approxi- 
mately 80 elements and compounds spanning the periodic 
table have been identified as potentia! SALD/SALDVI ma- 
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Table 3 
SALD Materials 








Material Deposited 
Carbon 


Gas Reactions 








Silicon Carbide / Carbon Si(CH ag, > SiC, + Cys) + CHa, + Hag 
Si(CH;)Clys) + 3/2 Hyg, — SiC,,, + 3 HCl, 

3 Si(CH;)ag, + 4 NHyg) — SisNa,) + 12 CHa, 
4 Si(CHs)ag) + 4 NH yg, — SisNa,) + SiC,,, + 15 
CHy,) 

Cyciopentadieny! Cobalt Dicarbony! 

SiClas, + 2 Hy» — Si, + 4 HCl, 
SiClag, + Ong, > SiOx, + 2 Clas, 
TiClagg, + Ong, > TiOx,) + 2 Clas, 
SiCla,, + Ti Claa > 2 Oxg, > SiOx, 
Clas, 





Silicon Nitride 
Silicon Carbide / Silicon Nitride 








Cobalt 

Silicon 

Silicon Oxide 

Titanium Oxide 

Silicon Oxide / Titanium Oxide 














» + TiOx,) + 

















terials'*'’. The governing factors of SALD discussed above 
are applicable to all of these compounds. 

One of the most interesting capabilities of SALD is 
the ability to mix reactant gases to modify the material de- 
posited. This is especially useful in forming composites. In 
order to understand composite deposition from gas mixtures, 
the interrelationships outlined in Tables | and 2 must be un- 
derstood. One example of this is the microstructure that de- 
velops from SALD of a mixture of TiCl,, SiCl,, and O, 
reactant gases. The deposit is a layered mixture of silicon 
oxide and titanium oxide as depicted schematically in Fig- 
ure 3. The layers are the result of both the temperature dis- 
tribution created by a scanning laser beam and the chemical 
reaction occurring Over a range of temperatures. The lead- 
ing and trailing edges of the beam create a temperature suf- 
ficiently high to form silicon oxide but insufficient to deposit 
titanium oxide. At the center of the beam, the temperature is 
sufficient to deposit both oxides resulting in a composite layer 
sandwiched between the silicon oxide layers. A three-lay- 
ered microstructure is therefore created by a single pass of 
the laser beam'*. The layer thickness can be controlled by 
varying the beam scan speed, reactant gas ratios, and laser 





Figure 3 

Multi-layered titanium oxide - silicon oxide composite resulting 
from a mixture of reactant gases and the temperature 
distribution caused by a scanning laser beam. 
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power. Although the titanium oxide-silicon oxide system 1s 
of limited engineering interest, the basic principle is appli- 
cable to any SALD mixed gas system. 


SALDVI Kesulits 


As with SALD, SALDVI has been demonstrated with 
a number of materials systems as shown in Table 4. As with 
SALD, the listed systems in no way exhaust the potential 
materials list. The same range of compounds possible for 
SALD are also applicable to SALDVI. 





Table 4 
SALDVI Materials 








Substrate Powder 
Silicon Carbide 
Silicon Carbide 


Gas Reactions 
Si(CH3)ag, > SiC,,, + 3 CHa, 
3 Si(CH;)ug) + 4 NHxg 
CHy,) 


Si(CH3)ag) — SiC, +3 CHg,, 


Deposited Material 
Silicon Carbide 
Silicon Nitride 








+ SisNg;, + 12 





Diamond Silicon Carbide 


Cobalt 

















Tungsten Carbide Cyclopentadieny! Cobalt Dicarbony! 








The greatest amount of work has been done on the 
silicon carbide - silicon carbide system. A number of shapes 
have been made in this system including those shown in Fig- 
ure 4. Much effort has gone into optimizing the microstruc- 
ture of the deposit with particular attention to achieving high 
density. Acut and polished cross-section showing the level 
of infiltration so far achieved is shown in Figure 4b. The 
density has been markedly improved recently through a 
greater understanding of the role of reactant gas mixture and 
pressure and the temperature distribution used. For example, 
the deposition must be carried out within a temperature range 
that is sufficiently high to decompose the reactant gas and 


deposit material throughout a powder layer depth of 


~100-250 um, but low enough that excessively rapid depo- 
sition does not create a sealed surface, thus preventing infil- 
tration. A different effect is seen with varying pressure of 
the reactant gas; at reactant gas pressures less than 5 torr, 
infiltration is hampered by a lack of deposited material while 
at pressures greater than 50 torr, temperature gradient driven 
gas motion is sufficient to macroscopically disrupt the pow- 
der bed'’. The interrelated roles of heat/mass transport and 
chemical reactions have been shown to drive the final re- 
sults of SALDVI. 


SALD Joining Kesults 


Since SALD Joining relies on SALD for the material 
to form the joint, the same materials possibilities are avail- 
able. This is particularly advantageous for matching joint 
material to the objects to be joined to create a monolithic 


joints. Gradient joints are possible to connect two objects of 


different materials, thus minimizing problems such as ther- 
mal expansion mismatch”. 





Figure 4 
Silicon Carbide SALDVI. a) SALDVI Silicon Carbide “ONR” 
Letters. b) Microstructure of SALDVI Silicon Carbide 
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Analysis of SALD joining experiments with silicon 
carbide objects joined using silicon carbide as the filler have 
shown that high deposit density and good deposit-to-sub- 
strate bonding has been achieved. Figure 5 shows the high 
density of a deposit and the high quality of bonding pos- 
sible. Further microstructural control is necessary, however, 
because excess carbon present in the joints has led to unsat- 
isfactorily low joint strengths. When robust joints can be 
made repeatedly, SALD joining will promote the utilization 
of structural ceramics in all settings. For instance, if a ce- 
ramic component fails on a ship at sea, the repair process 
will be as straightforward as a typical welding procedure on 
a metal structure. 


Application of SALD 
Techniques - Embedded 
Devices 


Several applications for SALD techniques are under 
development. SALD, SALDVI, and SALD Joining have 
great potential for forming shapes from ceramic materials, 
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Figure 5 
Interface between SALD Joining deposit and a substrate 
object being joined. 
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but the most exciting applications are the ones that take ad- 
vantage of the flexibility of SALD techniques in depositing 
materials with microstructural control. 

The in-situ fabrication of embedded sensors is an ex- 
ample of how SALD processes can be combined to form 
complex, functional structures. The process begins with 
SALDVI of a portion of the part composed of several layers. 
At the desired location for the embedded sensor, a thin, elec- 
trically insulating layer is deposited by SALD. The sensor, 
for example a thermocouple, is then deposited by SALD fol- 
lowed by another SALD insulating layer. The rest of the 
part is then completed by SALDVI. All of this is done in 
one processing chamber without need to remove the part 
between steps. Figure 6 shows a schematic of the process, a 
silicon carbide piece with a functioning silicon carbide-car- 
bon thermocouple embedded, and the response of the em- 
bedded thermocouple to a modulated external heat source. 
Potential uses for these in-situ thermocouples involve moni- 
toring the internal temperatures of high temperature appli- 
cation parts, such as a jet’s engine components or wing panels. 


Summary 


SALD techniques offer a set of gas-based SFF tech- 
niques for ceramic materials. The two primary advantages 
of gas phase approaches are that the processes minimize or 
even completely avoid post-processing and have great flex- 
ibility in materials and applications. Research on these tech- 
niques has focused on developing a clear understanding of 
the dominant influences of heat transport, mass transport, 
and chemical reactions. The roles of each of these has been 
clarified by a wide range of experimentation. The additional 
research and development needed to bring the approaches to 
engineering reality is ongoing. 
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Figure 6 

Embedded thermocouple formed by SALD/SALDVI. a) 
Schematic of Embedded Thermocouple Process. b) SiC-C 
thermocouple embedded in SiC. c) Temperature response 
of the embedded thermocouple shown in b) 
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Debasish Dutta, Prashant Kulkarni and Vinod Kumar, Department of Mechanical Engineering and Applied Me- 


chanics, The University of Michigan, Ann Arbor, MI 


Abstract 


A novel feature of Layered Manufacturing, an emerg- 
ing manufacturing technology, is that it enables fabrication 
of heterogeneous objects — multi-material and functionally 
graded interiors — directly from a CAD model. To fully ex- 
ploit this capability, it is necessary to create CAD models 
which capture both geometry and material information. We 
describe our ongoing research in this area. Also, we con- 
sider process planning issues and provide details on adap- 
tive slicing, a fundamental process planning task. 


1.0 Introduction 


Layered manufacturing (LM) is a new method of fab- 
rication. Unlike the traditional manufacturing techniques, in 
LM a part is fabricated directly from a computer model by 
successively depositing raw material in layers. A distinct 
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advantage of creating a part layer-by-layer is that its geo- 
metric complexity has significantly less impact on the fabri- 
cation process. Furthermore, different materials, in varying 
proportions, can be deposited to form a single layer. Such 
heterogeneous objects, made from materials such as tough 
ceramics, advanced metallized ceramic composites, and 
materials with graded chemistries and microstructures, are 
being designed to provide enhanced structural and mechani- 
cal properties in naval systems as well as in other commer- 
cial applications. Figure 1(a) shows the cross-section of a 
model of a turbine blade reinforced with a hard material (in 
gray) to improve the structural strength of the thin part of 
the blade. Figure 1(b) shows a simplified model of a valve 
seat composed of three regions — Aluminum (outer), Brass 
(inner) and a graded composition in between. While com- 
mercial LM systems today are used for rapid prototyping 
applications, fabrication of heterogeneous objects represents 
the true potential of layered manufacturing. 








Figure 1 
Heterogeneous objects. 




















1.1 Solid Modeling 


The CAD industry has progressed from simple auto- 
mated drafting/wireframe systems and complex surface 
modelers to the current state-of-the-art solid modelers. From 
CAD/solid models, information can be generated about part 
functionality, manufacturing, assembly and inspection. 
Hence, solid models have been the key to automation in 
manufacturing process planning, assembly planning, engi- 
neering analysis, etc. Solid modeling has emerged as a key 
area of research in computer science and several engineer- 
ing disciplines. 

Currently, the solid model of an object contains geom- 
etry information stored as data and topology information (e.g. 
adjacency of faces, edges, vertices) incorporated in the data 
structure. Typically, there is no information in the solid model 
regarding the object interior (material, density or other het- 
erogeneities). Without this information, fabrication of het- 
erogeneous objects by LM cannot be fully automated. 


1.2 Process Planning for 
Layered Manufacturing 


Conventional manufacturing process planning tasks 
involve determining machining operations (turning, drilling, 
etc.), parameters (feed, speed, depth of cut) and tools/fix- 
tures necessary to convert a workpiece to the final part. In 
LM, process planning tasks include defining the build orien- 
tation, determining supports, slicing the CAD model (to de- 
termine the layers) and the generation of toolpaths and other 
process information. A block diagram of the key process plan- 
ning tasks for LM is shown in Figure 2. 

Conceptually, process planning tasks for layered manu- 
facturing can be decomposed into tasks that are performed 
in the model domain and ones that are performed in the layer 
domain. In the model domain, the process planning tasks 


(e.g., part orientation) require geometric information from 
the CAD model and they output data pertaining to the whole 
model. The process of slicing converts the model domain 
into the layer domain. The process planning tasks pertaining 
to the layer domain (e.g., path planning) are concerned with 
generation of data for manufacture of individual layers. 

Slicing is a fundamental process planning task since 
all LM processes require it. It is a procedure in which paral- 
lel horizontal planes are intersected with the CAD model of 
the part to determine contours on which material is to be 
deposited. LM machines are being developed where addi- 
tional degrees of freedom are being added to the machine, 
by either pivoting the nozzle or pivoting the platform. In 
such a case, the planes referred to above are no longer hori- 
zontal, but perpendicular to the build direction. Slicing af- 
fects the surface accuracy of the manufactured part and the 
time to manufacture. 

In this paper, we provide an overview of our research 
focusing on the development of computational methods nec- 
essary for automated layered manufacturing. In particular, 
we describe a method for modeling heterogeneous solids in 
Section 2 and slicing such models in Section 3. We conclude 
with a brief mention of our research in other process plan- 
ning tasks. 


2.0 Heterogeneous 
Solid Modeling 


In traditional geometric/solid modeling, techniques 
have been developed to model (homogeneous) objects to 
capture their geometry and topology [1][2]. Such solids can 
be modeled as r-sets, a regular, compact, semi-analytic sub- 
set of the Euclidean space. It captures the notion of solidity 
(rigidity) of an object having a deterministic boundary. 
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Figure 2 
Process Planning for Layered Manufacturing. 
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However, in order to represent objects having hetero- 
geneous material domains, the modeling space must be modi- 
fied. We first consider the simple case where an integer 
attribute is attached to the model to represent objects made 
up of a finite number of (homogeneous) material regions. 
We then extend this idea to model the geometry and material 
information for a point inside a domain that contains con- 
tinuously varying materials. This is achieved by considering 
the volume fraction of each material at the point. A math- 
ematical space of volume fractions is used to represent this 
information. We extend the conventional r-set to r_-set (and 
r_-object) to model a heterogeneous object whose geometry 


is defined via r-set and the material defined by means of 


volume fractions. 


2.1 Theory 


In order to model heterogeneous objects, the model- 


ing space T must include a material dimension (M) apart 
from the spatial dimension R° that captures its geometry and 
topology. If we consider objects made of a finite number of 
discrete materials [3], the simplest choice for the material 
dimension M would be the set of integers Z. However, to 
model more complicated objects with continuous material 
distribution, the material space Z must be further expanded. 
It should allow for the representation of a finite set of mate- 
rials (referred to as primary materials) and also their combi- 
nations. — 

We consider the space T = R xR , n being the number 
of primary materials, as the suitable modeling space. In R ; 
the geometry and topology of the object are defined. Ris 
the material space with each dimension representing one pri- 
mary material. Since a point in the object S can be composed 
of any of the primary materials or their combinations, the 
composition of material at a point can be quantified by the 
volume fractions of each of the primary materials. Noting 
that these volume fractions must sum to 1, we can define the 
space of volume fractions V as: 


V= ive R"| Ivi, = > i= land v; 0 
| i=l 
where v, (i-th component of y') represents the volume frac- 
tion of material i. Thus, any point v € R_ can represent a 
material composition only if it lies on the subspace (or sur- 
face) V CR. The porosity of a local region can also be 
modeled by including void as one of the primary materials. 
Thus, any subset B c V can describe che material composi- 
tion of a heterogeneous object, S. For each point p € S, the 
geometrical point x is associated with its corresponding 
material point v by a mapping from R toR : 


F:R° > V | IF(x € RI, = 1 


(2) 
F(x) = v(x) = {v,(x)} 

Therefore, F is the material function. Additional con- 
straints can be placed on the material function F when defin- 
ing an appropriate model for S. 

In summary, for the heterogeneous object S, each point 
p € Scan be modeled as (x€ R , ve V) in T, where x and v 
(or equivalently, F(x)) are the geometrical and material points 
respectively. The conventional r-set is now extended to a 
material r-set which we denote r_ -set. 

Definition: r_-set — A subset (P, B) of T where Pc R? 
is an r-set and B c V assigns material to P. 

To model multi-material objects and objects with 
abrupt variations in material composition, we require a set 
of r_-sets as a generic mathematical model. More precisely, 
we define: 

Definition: r -object — A material object defined as a 


‘An underline in y is used to denote a vector in the corresponding space, V. 
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finite collection of r_-sets (P., B.) satisfying conditions Cl 
and C2: 

* Cl: The r_-sets are geometrically interior-disjoint 
(i.e., the r-sets are interior-disjoint). 

* C2: The r_-sets are minimal (i.e., there do not exist 
two r_-sets whose C™ material functions can be combined 
into a single C™ function). 

Mathematically, an r_-object, S, can be defined as 
(EQ-3): 


S= {Pie A,B: CV}, je J (finite) 
PO" P, =9,i#k, Vike J 
Bi =F (P)) 


Our method for modeling heterogeneous solids is based 
on r_-objects. In addition, our research includes the devel- 
opment of new functionality and operations in CAD sys- 
tems for the synthesis and manipulation of heterogeneous 
objects. The methods described above have been imple- 
mented and details can be obtained from [3]. 


3.0 Slicing of 
Heterogeneous Solid 


Models 


Processing of heterogeneous models for layered manu- 
facturing involves considering the geometry as well as the 
material distribution within the model. We first look at the 
processing of geometry; the complications introduced as a 
result of considering the material information are discussed 
in section 3.2. 


3.1 Adaptive Slicing 


In slicing, a CAD model of the object is intersected 
with parallel horizontal planes. Each plane generates con- 
tours, which we refer to as a slice of the model. Depositing 
material on a slice creates a layer. Slicing can either be uni- 
form, where the thickness of successive layers is constant, 
or adaptive, where the layer thickness varies based on the 
curvature of the bounding surfaces of the model. In industry, 
uniform slicing is currently used. Layers generated by uni- 
form slicing for a circular profile are depicted in Figure 3(a). 
Note, this is a simple abstraction of the layer manufacturing 
process and each layer is generated by extruding the slice 
upwards. Depending on the LM process used, the vertical 
walls of the layers in Figure 3 will be curved. In Figure 3(b), 
B., refers to the boundary of the original object (in dark 
shading) and B, ,, is the boundary of the corresponding layer 
manufactured object (in lighter shading). Depositing mate- 
rial in layers will naturally create cusps denoted 8 , 5,, and 
5, in Figure 3(c). The aim of adaptive slicing is twofold: 

* Dimensional Control: Achieve user specified sur- 
face quality in the least build time by maintaining the cusp- 
height of each layer to be the same. 

* Positional Control: Ensure that the cusps either 
lie completely within the CAD model (deficient deposition, 
Figure 3(b)) or the cusps lie completely outside the CAD 
model (excess deposition, Figure 3(c)), 

In [4], we presented methods for generating layers that 
satisfy the above two criteria for homogeneous objects. The 
basic steps in our slicing procedure include: (i) slice contour 
generation, (ii) layer thickness determination, and (iii) layer 
generation. We expand on each briefly. 


Slice Generation 


An orientation is chosen for the object (corresponding 
to the build). A slice is generated by intersecting the CAD 
model with a horizontal plane at a specified height. This is a 
standard operation supported by every CAD system. A slice 
can contain several contours depending on the complexity 





Figure 3 
Different Deposition Strategies. 
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Figure 4 
Circular approximation to determine layer thickness. 














of the object. For example, convex objects will always yield 
a single contour while non-convex objects are likely to yield 
multiple contours. 


Layer Thickness Computation 


Let us assume a slice contour has been generated. We 
need to determine the increment for the next slice. This in- 
crement is the thickness of the layer of (material to be de- 
posited on) the current slice contour. Recall, in adaptive 
slicing, the layer thickness will vary based on the surface 
curvature and the user specified cusp height, 6 (i.e., the di- 
mensional control parameter). 

Let us assume we are at a point P on the current slice 
contour. The layer thickness at P can be computed by taking 
into account the curvature of the corresponding surface along 
the build direction. We locally approximate the surface by 
the circle of curvature along the vertical direction on the tan- 
gent plane. Based on this circular approximation and the user 
specified allowable cusp height 5, we compute the layer thick- 
ness d at the point P. 

In Figure 4, N denotes the surface normal at point P, 8 
is the angle between N and the horizontal, p is the radius of 
curvature of the circular approximation at P, 5 is the cusp 
height specified by the user and d is the layer thickness to be 
computed. Let s(x) denote the sign of the curvature, s(c) de- 
note whether the point P lies on the upper or lower part of 
the circle, and s(d) denote the choice of deposition in posi- 
tional control (excess or deficient). The layer thickness d is 
then given by (EQ-4). 
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d = -s(«)psin@ + s(x)Jp’sin’6 + 2s(x)dp + s(K)s(c)s(d)8" 


Convex (positive curvature) 
Concave (negative curvature) 


f 
s(K) =| l if 
-1 


s(c) = | L iv P lies on the upper circle 
\ -1 P lies on the lower circle 


l if Excess 


f 
s(d) = 
-1 Deficient 


There are eight possible forms of (EQ-4) using all com- 
binations of values for the three parameters s(K), s(c), and 
s(d). Refer to [4] for a detailed description of these eight 
combinations. Figure 4 illustrates the situation for excess 
deposition, P in the upper semicircle and x > 0. 

In general, the CAD model of an object will contain 
several surface patches joined together. Hence, each slice 
contour is made up of multiple curves. We process each curve 
individually in that different points on it would yield differ- 
ent layer thickness values. The minima of layer thickness 
values computed over all points is the minimum layer thick- 
ness for that curve. This can be posed as an optimization 
problem: 


Minimize d(u,v) 


; (5) 
subject to: z(u, v) = constant 


This optimization problem is solved for each curve 
segment comprising slice contour. The minima of all the layer 
thickness values is the minimum layer thickness for the slice. 
If the layer thickness is less (greater) than the minimum 
(maximum) manufacturable thickness, the minimum (maxi- 
mum) manufacturable thickness value is used. 


Layer Generation 


The satisfaction of the user specified positional con- 
trol (excess/deficient deposition) requires analysis of the layer 
generation step. A layer can be generated by two different 
approaches — bottom up or top down. In the bottom up ap- 
proach, the lower slice (at the current z-level) is extruded 
upwards. In the top down approach, the upper slice (at a dis- 
tance d from the current z-level) is extruded downwards. 
Under the assumption that the z-component of the surface 
normal will either be positive or negative for the entire con- 
tour, the appropriate approach for a layer is determined by 
the user’s choice of the positional control criterion (excess 
or deficient). The assumption about the normal sign can be 
easily verified by projecting one slice onto the other and 
checking for the null intersection [4]. 

Figure 5 illustrates a simple situation in the layer gen- 
eration process. Consider Figure 5(a) (middle) where the 3D 








Figure 5 
Positional control when normal sign assumption is satisfied. 
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segment of an object (CAD model) has downward pointing 
normals all around. That is, the upper slice of the 3D seg- 
ment when projected onto the plane of the lower slice, will 
properly contain the lower slice. To satisfy deficient (excess) 
deposition criteria, the bottom-up (top-down) approach is 
adopted and the lower (upper) contour is extruded up (down). 
The upper (lower) slice in Figure 5(a) is used to generate 
manufacturing information, such as nozzle paths etc., for 
excess (deficient) deposition. Acomplementary situation with 
upward pointing surface normals is illustrated in Figure 5(b). 


3.2 Extension of Adaptive 
Slicing to Heterogeneous Solid 
Models 


Whereas the CAD model of a homogeneous object 
usually contains exterior surfaces (representing the object 
boundary), the CAD model of a heterogeneous object also 
contains “interior” surfaces. Such surfaces typically delin- 
eate distinct material regions in a multi-material object as 
well as correspond to sharp changes in material/density/other 
gradation. 

To generate a heterogeneous slice at height z*, each 
material domain in the heterogeneous object is intersected 
with the plane z = z*. Using the notations from (EQ-3) and 
denoting the slice by L(z) and the slicing plane by SP(z), we 
have: 


L(z’) = SOSP(z’)= {(P; 0 SP(2*), Bi SP(z’)), Vj = 1...k} (6) 


All surfaces, interior and exterior, of the material do- 
mains of the heterogeneous model are considered. Each slice 
is now comprised of several material regions corresponding 
to the different material domains. Within each region, the 
material composition can be constant or continuously vary- 
ing. The material distribution for each region of the slice is 
evaluated from the material distribution function correspond- 
ing to that domain of the heterogeneous object. 

The circular approximation of the vertical normal sec- 
tion is still used to calculate the layer thickness. However, 
both the external and internal surfaces need to be consid- 
ered. Several different strategies for dimensional and posi- 
tion control can be derived based on the application. In 
addition to Exterior Dimensional Control, where only the 
external surfaces are considered for computing the layer 
thickness, the user can require Complete Dimensional Con- 
trol. Here, all surfaces (both external and internal) are as- 
sumed to be critical for the application and are included in 
the layer thickness computation. If the user specifies Exte- 
rior Positional Control, the internal edges/contours between 
material regions in the slices are ignored and only the exter- 
nal contour of the slice is considered while generating the 
layer. Refer to [5] for details on all positional/dimensional 
control and methods to achieve them. 


3.3 Other Process Planning 
Tasks 


As mentioned earlier, our research focus has been on 
the development of computational tools for process plan- 
ning tasks in layered manufacturing. A suite of tools for ho- 
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Figure 6 
Model of cementite precipitates and austenite grain 
boundaries in a high carbon steel. 








mogeneous models have been developed. Their extension to 
heterogeneous models is in progress. 

A Solid Builder Module (SBM) has been developed 
that generates a solid model of an object from information 
contained in a 3D image [6]. There are numerous sources of 
3D images that represent objects, such as CT and MRI scans, 
and FEM output. In addition to a description of the bound- 
aries of the object, the solid model is being extended to con- 
tain material information. This solid model can then be used 
as an input for process planning. 

Figure 6 displays a three dimensional model of a real 
microstructure, manufactured for the Naval Research Labo- 
ratory using the Stratasys 3D Modeler. It depicts a model of 
the cementite precipitates (the white solid) within an austen- 
ite grain (the austenite corresponds to the empty areas, but 
there is a cementite “shell” coating the boundaries of the 
austenite grain) in an Fe-1.3%C-13%Mn model steel alloy 
isothermally heat treated at 650 °C for 50 seconds [7]. A se- 
ries of 128 images taken by optical microscopy from serial 
sections at 0.2 micron depth increments were read into SBM. 
Each image was used to generate one slice for the layer 
manufacture of the model. 

The capability to link layered manufacturing directly 
to image data can be useful. For example, our SBM can en- 
able the rapid creation of physical models of strategic ter- 
rains obtained from satellite images. 

Our orientation module, ORM, determines possible 
build orientations for parts to be fabricated by LM [8]. It 
determines the orientation based on one of the following cri- 
teria: minimum build height, maximum support contact area, 
maximum area of base, minimum volume of supports and 
minimum average surface roughness. The user can select an 
orientation that minimizes (or maximizes) any of the pre- 
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ceding objectives. The effect of choosing different deposi- 
tion paths on a specific LM process (FDM) has also been 
investigated [9]. The stiffness of parts manufactured using 
the different strategies was experimentally determined. It was 
then compared with an analytical model developed by using 
laminate analysis. A good conformance of the models en- 
ables the laminate model to be used as a design aid in tailor- 
ing the deposition strategy to the stiffness requirements. 
Finally, we are also developing methods to enable 
interoperability of (layer manufacturing) data between vari- 
ous commercial machines. Once accomplished, it will allow 
for a seamless integration of various LM machines which 
can be operated using heterogeneous solid models and the 
process planning tools. 
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